Investigation of the Partially Ionised Interstellar Medium Associated with the HII Regions by Qaiyum, Abdul
INVESTIGATION OF THE PARTIALLY IONISED 
INTERSTELLAR MEDIUM 
ASSOCIATED WITH THE HII REGIONS 
ABDUL QAIYUM 
ABSTRACT 
T H E S I S S U B M I T T E D F O R T H E DEGREE OF 
©octor of P()ilojSopJ)p 
IN 
PHYSICS 
T O 
A L I G A R H MUSLIM U N I V E R S I T Y , 
A L I G A R H 
1983 

iLB_S_XB._A.C_T 
A detailed study to explain the intensit ies of radio-
recombination l ines of part ia l ly ionised hydrogen, carbon and 
of other elements from NGC 202^, Orion A and W3 is reported 
here. For that purpose we work out the details of the reaction 
CI I I + H^ > HCl I I + H and photo-dissociation PICIII + hU —^ 
H I I + CI, as a source for the production of H I I in the inter-
ste l lar clouds. Further, based upon the large number of gas-
phase, gas-grain reactions and other relevant atomic and molecular 
processes, a chemical balance i s set up to evaluate the position 
dependent electron density and density of ionised species from 
which l ine emissions are considered here. 
A thermal balance is also set up between heating and cooling 
to calculate the temperature structure of the regions in question. 
A large number of heating processes are considered and their 
relative importance is also studied here. Investigations on the 
importance of far infra-red radiation (FIR) f i e l d from the dust-
grain in HII region on the cooling in HI region at low temperature 
i s also reported here. In particular we have performed detailed 
calculations for cooling at low temperature, Te<100 K, as only 
these regions are affected in the presence of FIR. 
To calculate the l ine- intensity, s tat is t ica l equilibrium 
corresponding to each position, i s solved and thereby departure 
coef f ic ients from thermodynamic equilibrium (b^ )^ are calculated. 
The best f i t of the observed recombination l ine- intensit ies over 
the frequency spectrum (0.6 GH2 to 15 GH^  ) are used to derive 
the physical parameters of the clouds for solar as well as 
depleted abundance. I t may be added that position-dependent 
temperature and density i s being studied in detail for the clouds 
in question to calculate the l ine- intensi t ies , for the f i r s t 
time here in this work. 
I t i s found that cool region of narrow hydrogen l ines (H°) 
l i e in between CII and HII regions, sharing some portion with 
CII region but sl ightly displaced towards the boundary of HII 
region. The depth of ionisation of heavy elements are large and 
they share the whole of CII region and also have some region in 
common with the molecular region. The temperature and density 
are not constant over the line-emitting regions. Twi) regions of 
neutral hydrogen along a l ine of sight i s predicted theoretically 
and coliMn densities are found to agree well with the observed one. 
The calculated column densities of the molecule in general depend 
upon the assumed abundance. But column density of OH agrees well 
with the observed one fo r both abundances, while column density 
of CO for the assumed size of the cloud i s closer to the observed 
value fo r solar abimdance. 
The best f i t of the carbon l ines y ie ld a density range 
2x10^ to cm"^ for solar and 5x10^ to 2x10^ cm"^ for depleted 
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abundances. The ratios of d and ^ l ines of carbon, oi. l ines of 
S and C, and H and C at the same frequencies are compared with 
the observations. I t is found a moderate depletion of C and s 
and heavy depletion of Mg, Si and Fe lead to a f a i r l y good 
agreement. 
I t i s further concluded that a sl ight more depletion 
w i l l give a high hydrogen density range and consequently tempe-
rature obtained from the thermal balance would be > 3 0 0 K, due 
to which the detection probability of the l ines would be low. 
This may be one of the reasons of the absence of the carbon 
recombination l ines in the neighbourhood of many HII regions. 
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CHAPTER 1 
INroODUCTIOIT 
To study an astrcphysical object i t i s rxccessary to 
consider two types of behaviour: the microscopic which deals 
with the interaction between the individual particles of the 
medium and the macroscopic, that gives the properties of the 
object as a whole. Evidently, the tvro behaviours are not 
independent of each other. The study of the individual 
processes of microscopic nature helps one to determine the 
macroscopic properties of the object as wel l . However, those 
microscopic processes are not always required to understand the 
general behaviour of ste l lar and interste l lar matter. For 
example, in stars and some of the interste l lar medium, local 
thermodynamic equilibrium (LTE) can be assumed safely and 
consequently no detailed knowledge of microscopic processes i s 
required to calculate the macroscopic properties of the gas, i . e . 
state of ionization, temperature, atomic and molecular density 
etc. Evidently in the gas or plasma fo r v/hich LTE does not 
hold, the knowledge and contribution of individual processes 
become rather quite important to calculate the above mentioned 
parajneters of the cloud. Interste l lar matter i s an example 
of such a gas or plasma in which LTE can not be presumed. 
Therefore the atomic and molecular processes involved in the 
medium need considerable attention. 
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The interste l lar gas consists mainly of condensations 
or clouds, which are being continuously formed and dissolved 
by a variety of processes. The thermal properties and physical 
conditions inside these clouds are of fundamental importance, 
since these objects are knovm to be the actual sites of pro to-
star formation and chemical evolution of complex molecules. 
A major step forward in the study of interste l lar matter 
was, in fact , made with the discovery of the f i r s t interste l lar 
spectral l ine in the radio range, namely, the famous 21-cm 
hyperfine l ine of atomic hydrogen (Wild 1952) . This discovery 
led to the poss ib i l j ty of detecting other spectral l ines by 
radio astronomical techniques. Kardashev (1959) f i r s t predicted 
that th.e radio recombination l ines of hydrogen could be detected 
from the H I I region with the equipment available at that time. 
Following this prediction Dravskikh and Dravskikh (196^ at 
Pulkavo Observatory f i r s t detected the radio recombination l ine 
at 5762 MHz for the l eve l transition n = 105 lO^ -t- in Orion A 
and M 17-
In the beginning the research workers concentrated almost 
extensively on the observation and interpretation of these l ines 
from the classic bright radio H I I regions. However la ter 
observational advances especially in radio and infra-red 
astronomy, o f fered new opportunities for studying the interste l lar 
gas under a variety of previously inaccessible conditions. With 
further improvements in the sensit iv ity of telescopes and 
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receivers, i t becajne possible in the last decade to use 
radio recombination l ines as a tool to explore a much broader 
range of phenomena 1n galactic and extragalactic medium,Recent 
area of investigations includes the study of Planetary nebula, 
the nuclei of some radio galaxies, and the distributed ionized 
gas in the galactic and extra-galactic planes. Beside studying 
the thenaodynomic structure of ionized regions, recombination 
l ines have been used for diagonistic purposes, as diverse as 
the investigations of magnetic f i e lds , abundance determination 
and kinetic studies of galactic structures. 
The carbon recombination l ine emission was f i r s t detected 
by Palmer/,(1967) from the cold transition region between Orion A 
and i t s background molecular cloud, and subsequently from the 
neutral, matter associated with many other H I I regions (see 
Qaiyum and Ansari 1979). This new type of cool object was la te r 
ident i f ied as CII clouds. From this new object, narrow l ines 
of hydrogen and also recombination l ines of other heavy element(s) 
have been observed. Moreover, the observations are no longer 
limited to single dish measurements at centimeter wavelengths 
but have been made now v ir tual ly over the entire radio spectrum. 
Du r^ing the last decade the physics of formation and 
transfer of radio recombination l ines in both hot and cold gas 
has been thoroughly described and many troublesome questions 
have been sett led. I t i s now recognized that observed radJ.o-line 
emission depends sensitively on LTE e f f ec ts , on the density 
and density structure of various species in the l ine emitting 
re{3ion, on temperature and temperature structure , on the geometry 
and beam e f f ec ts , and on the ve loc i ty f i e l d v/ithin the region 
(ilrovm et al.1978). Ihe linos are sensitive to so many properties 
of the regions in which they a_rc formed that they can "be regarded 
as a blessing, for carryrmg detailed information abotit the 
region. Therefore, radio recombination l ines from ionized 
species o f f e r a direct method with the help of vrtiich the studies 
of the structure and physical conditions \fithin various components 
of the interste l lar medium are carried out. 
In contrast to the observational situation, which i s yet 
to be fu l l y ejcplored, the theoretical aspects of the recombination 
line emission is well understood now. Considerable e f f o r t s have 
also gone into quantifying the relevant atomic processes but 
there are areas that need s t i l l additional theoretical work. On 
one hand, the relevance of the internal processes for overall 
dynamical evolutions needs to be examined and on the other, 
dependance of the l ine emissions in the clouds on the detailed 
distribution of atomic constituents, especially of the carbon, 
hydrogen, other most abundant heavy elements and their ions 
along with that of molecules i s to be investigated thoroughly. 
Moreover, relationship between thermal and chemical e f f ec ts , 
ionized species, molecules and dust should also be studied. In 
this thesis we attempt to carry out these problems in detai l . 
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As a matter of fact Uiere i s no fundamental difference 
"betv/een the analysis of radio recombination l ines from H I I 
regions and those from Planetry nebulae, the ionized gas in 
galactic nuclei or the ioni7,ed {^ as seen along the l ine of si'-;ht. 
HowevGr, there are important differences betv^ecn the recombi-
natjon l ines from 11 I I rerjiors and those from cool, partial ly 
ionized clouds (CII regions). ihe site chosen for theoretical 
coJculation and i t s cojiiparison with tlie observations are the 
regions adjacent to the fu l l y ionized hydrogen regions vhere 
a hot 0-type star is supposed to be embedded within or is in 
v ic in i ty of the cloud. The f lux of UV radiation depends upon 
the spectral type of the star. The variation "n the luminosity 
as a function of spectral typo is sho\m in Figure 1 . A large 
number of physical processes are considered in constructing the 
rea l is t ic model of such interste l lar clouds, for instance W3j 
1:GC 202^ and Orion A. The cal-culations are performed both for 
solar (Aq) and depleted (Aj^) abundances tabulated in Table 1. 
In the following chapter 2 vie discuss the varioiis atomic 
and molecular processes that ej^ e important to the abundance 
calculation of atomic and ionic s^iecies of hydrogen, carbon 
and other heavy elements and also " some of the important 
molecules: II25 CO, Oil, dl^ , II2CO to najno a few ( see Tables 2.1 — 
2.5) ' Here we calculate as follows. A chemical enuilLbrium is 
set up between formation and destruction processes of a 
particular species to solve f o r the abundance stmcture. 
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especially that of Ions of hydrogen,, carbon nnd other heavy 
el en en ts (mr;, Si, S and Fc), at a particular Position in jbhe 
region. To determine the iop-isation structure, the photo-
ion: sation "by ul trav id let radiations ("X^ 912A°) from the 
nearest hot stars of h l l and X-ray hacli^round, and cosmic ray 
ionisation and ionisation by ion, atom and molecular cxchanjc 
reactions are con si do rod. As a matter of fac t , the aim of 
this thesis i s a]-So to show tlia'c the densities of electrons 
ajid ions are not constant over the whole re^jion of l ine 
emission, and the l ine emitting regions of hydro_;en, carbon 
and other lieavy elements and pIso of molecular clouds are not 
identical spatial ly, thou i^h associated v/ith each other. 
In Chapter 3, a thcri.:al bdcnco is set up beta/ocn 
heating and cooling to obtain the temperature pt a particular 
position of the region. "'iierr;ia3. balance i s solved in a se l f -
consistant way until convergence is achieved. For this purpose, 
a l l possible heabing mechanisms (n^ formation on the grains 
and i t s photo-dissociaLion, plioto-electrons from the dust 
grains, photo-ion:i sation of heavy elements, cosmic ray 
iond.sation, gravitational collapse, and chemical reactions) 
are studied and taken into account. The cooling is considered 
mainly from hyperfine transitions of C, 0, Si, Fe and some of 
their ions, and from rotational transitions of molccule 12QQand 
i t s isotopes by 'considering al l the relevant electronic, atomic 
and molecular col l is ions. 
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The e f f oc t s of back^TOimd radiations that include 3°K 
radiation arid fa.r infra-red radiations from dust graJ.ns are 
also studied. 
I t may he mentioncl hero that l iho the densities of 
var'iovs species the temperature too i s not constant over the 
v;hj[)le region of l ine emission. There is lar^e di f ference 
bct\'/ecn temperatures and Lemperature structures of the inner 
and outer regions of the cloud f o r hoth the assumed abundances. 
Cha.pter i^- includes the basic l ine fomat ion theories, 
calculation of the contribution to the l ine intensi t ies from 
d i f f e rent regions and study of the characteristics of the 
l ine-emitt ing re:;ions. lie then interpret the l ine jntens: t ics 
of hydrogen, carbon and other heavy elements. The l ine 
intens:ty calculation involves temperature, and dons:'ties of 
n? Gctron and ionise^] specics direct ly and also Indirect ly 
through departure coe f f i c ients from the r, no dynamic equilibrium 
(b^) . Therefore, we divide the cloud into eouaJ-ly thich 
isothermal ajid homogeneous thin slabs. Stat is t i ca l equilibrium 
corresponding to density ojid temperature of each slab of the 
cloud i s solved to determine the b^ ^ factor at each posit ion. 
The l ine- in tensity i s calculated aJ-ong a particular l ine of 
sight by integrating over the whole region. 
A best f i t of recombination l ine intensit ies i s also 
carried out taJ:ing the total hydrogen density n^ ,^ emission 
measure (EM) of IIII regions and the cloud size as a free ahd 
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indopondent para)iieter,i, Tho cho.racteristies of the regions 
are also tabulated. 
Tlie lo,st scction is devotod to the siinuTiary and conclusions 
inferred from our theoretical- calculations. 
Table 1 
Atom Solar T;oph TlSco Adopted 
Depleted 
He 
C 
.1 
3.7x10"^' • 1. 7x10 ' 
.1 
1.1x10"^'' 
N 
0 
Mg 
1.15x1 
6.8x10"^' 
3.5x10"^ 
2.2x1 
1.8x10"^ 
1.1x1 
2.9x1 
1 .^ -vxlO"^ "' 
7x10"^ 
2.5x10""'-' 
1.6x10"^' 
2.1x10'^ 
Si 3.5x1 8.1x10"^ 2.8x10"^ 1.5x10'^ 
S 1.62x10"^ 8o3x10"^ 1. 3x10" ^  1 .0x10''^ 
Fe 
CI 
2.5x10"^ 2.7x10"^ 1.3x10"^ 5.8x1 
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FIGUBE CAPTIONS 
Fig.1. Ultraviolet photon luminosity as a function of 
spectral type f o r zero age main sequence stars 
with log g = h,0 in the range 'XC 912 A°( ) , 
912 ^ Ti < 1101 A°( ) and 1101 1° ^  
1525 ( ) 
Dtag.l. Schematic diagram of the model used in computation. 
CHAPTER 2 
ABUNDANCE CALOILATION 
2«1 Introduction 
Recent observations in radio and u l t rav io le t range 
have established the presence of many species of polyatomic 
molecules, radicals and their ions in the interste l lar clouds, 
de Jong et al. (1980), Viala et al. (1979) and Gerola & Glassgold 
( 1 9 7 8 ) have proposed various formation and destruction 
mechanisms and have calculated the abundance of molecules, 
atoms and their ions to explain the presence of these species. 
I l l these attempts were mostly confined to the dark clouds 
where i t is supposed that the clouds are exposed to the cosmic 
ray background and to the mean interste l lar UV radiation f i e l d 
( 912A°). 
Recent observations of carbon recombination l ines 
establish that cool and part ia l ly ionized medium, from where 
carbon l ines are emitted, fortn the interface between the fu l l y 
ionized gas ( i . e . HII region) and a neutral (molecular) cloud. 
Evidently HII vfe^ tons Ave intimately related to molecular clouds. 
Therefore^in the present work an attempt i s made to study the 
ionisation and molecular structure of the clouds associated 
with the HII regions such as Orion A, NGC 202U- and W3. Here, 
beside discussing in general ionisation and molecular structure_, 
we emphasise more on the ionisation structure of hydrogen,carbon 
and other heavy elements from which the recombination l ines are 
emitted. 
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2.2 Flux and I t s Attenuation 
For the calculation of photo-dissociation and photo-
ionisation rates, the exciting star of associated HII region 
is supposed to be the main source of u l t rav io le t radiation 
f i e l d ( 71:5, 912A°). This radiation f i e l d depends naturally 
upon the spectral type and star 's s ize . Based upon non-LTE 
models of Auer & Mihalas (1972) and the s te l lar radii given 
by Mezger et al.(197^), the luminosity of Lyman continuum 
photons of Zero-age main sequence stars for the wavelength 
range 9 1 2 - I I O I and 1 1 0 1 - 1 5 2 6 A° i s plotted against the 
spectral type in Figure 1. These ranges are roughly the 
relevent ranges for the ionisation of C, Mg, Si, S and Fe in 
particTilar and photo-dissociation and ionisation of the most 
of the important molecules in general considered in this work. 
Auer & Mohalas (1972) f ind that e f f e c t i ve gravity f o r 
0-type stars ranges between 3*9<log g V.2. Therefore U-.O 
i s probably a reasonable mean value. Churchwell et al.(197U-) 
and Sarazin (1976) concluded that exciting star of HII region 
NGC 202V has an e f f ec t i ve temperature 37000 k. The f lux F 
corresponding to the temperaturev37000 k and log g = ^.0 at 
a distance of 0.5 pc from the star position may be approximated 
by (Qaiyum and Ansari 1979)-
F = X_ 1.76 X 10"^ ^ Photons cm"^ Sec''' Hz""" - 2.1 li 
12 
Churchwell et al. (197^) have also studied the continuum 
luminosity of HII regions Orion A and W3» which are 8 to 
that of NGC 202^. The accomodation factor "Xl^  in expression 
2.1, therefore, takes care of the fluxes f o r Orion A aJid W3. 
The Value of Xy = 1.0 corresponds to the f lux from NGC 202V 
star and i t s value taJcen equal to 10 gives an upper l imi t f o r 
the radiations from the stars of Orion A and W3. 
The photo-destruction of neutral species involves the 
spectrum between 91 2a' and 2000 A° but the region near 1000A° 
i s especially important because most of the important atoms 
and molecules considered here (to name a few C,S,Fe, OH^  H^ O 
and CO) have ionisation and dissociation l imits around this 
wavelength. Astronomical observations indicate that the 
extinction by dust grain is large and increases with ^ 
n 
(Winnewisser et al. 197^) . As a matter of fact , the absorption 
of radiation i s also due to photo brealc-up of atoms and 
molecules. Taking into account the optical depth Z ^ d ) , that 
includes the absorption or extinction by dust, atoms and 
molecules, we get the following general.expression for the 
f lux (Qaiyum and Ansari 1979) 
^ - r (2) / p 
F^  (2-) = l+.lfx10"^ e ^ / (O.^+Z) . 2.2 
Now, the exact extinction by the dust grain around 
1000 pP is not known but the contribution is assumed to be 
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largely from the smaller grains. Depending upon the assumed 
size, shape, type and number density n of a grain, extinction O 
/n or )> may "vary by an order of magnitude. The attenuation ^ o o ' 
depends upon the anisotropy factor and albedo also. OAO2 
observations of the dif fuse galactic l i gh t (Witt & Johnson 1973, 
L i l l i e and Witt 1976) suggest that dust grains have large 
albedo a = 0 .6—0.7 , and anisotropy factor C = 0.7 for 
wavelengths around 1000A°. The attenuation along a ray i s 
(1 - a^ ) + . I t could be written as r^^(Z) 
The observations of the extinction and gas to dust ratio 
indicates that (Spitzer & Jenkins 1975) 
. E„( - v j x M Z L . ^ 2 . 3 
2.72x10^' 
and 
E (1033A® -v ) =10 E(B-V) (Savage 1975) 
<<r^  = 2.27x10-2'^,^(Bohlin 1975) 2.5 
Ng(2) 
rZ 
njj (z ' )dz ' 
where tiie total hydrogen number density njj = n(H)+ n(H2) 
and atomic or molecular absorption i s 
-^HZ) = f I 
14 
and a . i s approximated as 
22.5 
JY^) 
^ ^ 2.7 
2.3 lonisation and Dissociation Rates in a Mediiiin 
Close to an Early Type Stars 
The photo-ionisation and/or dissociation rates are 
•calculated using the radiation f lux F-^ and adopting one 
dimensional transfer approach of Werner (1970). Then, the rate 
^ ( Z ) of species X at a position Z is given as: 
^ .Vo 
x"^ )^ = . i . K, (X) dv 2.8 Y(x) 
where (r^(X) i s the cross-section f o r ionisation and/or 
dissociation of the species X at frequency "'^(X) i s the 
frequency corresponding to ionisation and/or dissociation 
l imi t of the species X. V^ is the Ljinan l im i t . The ionisation 
and/or dissociation rates of atoms and/or molecules are 
tabulated in Tahle 2.1. The references f o r the cross-sections 
are mentioned against each reaction in the corresponding 
table. I t should be mentioned here that in some of the molecules 
and atoms the cross-sections are not continuous functions of 
the frequency. Their rates are written as the sum of two rates 
corresponding to two di f ferent l imi ts . In some cases the 
range of frequency not contributing s igni f icant ly to the 
total rates are neglected without mentioning i t spec i f ica l ly 
in the table.Kfoerever X^^(Z) contributes negl ig ibly, i t 
is omitted from the rates. In the following the rates are 
tabulated in unit of'Xp/(0.5'+2;)^, where Z is the position 
co-ordinate in pc measured from the boundary of the IIII region, 
which is usually presumed as O.^pc. 
2.^ Chemical Reactions and Recombinations 
Most of the molecules are formed through gas-phase 
reaction but some of these could also be formed e f f i c i en t l y 
due to gas-grain reactions. The esjperimental and theoretical 
basis for gas-phase reactions are more firmly established than 
that for gas-grain reactions. However, in our scheme of 
calculation both the gas-phase and gas-grain reactions are 
considered. In the theory of formation and destruction 
numerous subsidiary species are also involved which are not 
l i s t ed and compared on account of non-availabil ity of obser-
vational data. 
More than UO molecules have been observed excluding 
isotopic species. However,there are important physical 
conditions which indicate that only re lat ive ly few species 
needed to be dealt with e^qDlicitly. In particular, the thermal 
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and chemical evolution of the clouds depend only upon the 
smaller number of species which mainly determine the ionisation 
structure, thermal properties and molecular formations in the 
cloud. For example, H and H^ detemine the various cooling 
and heating mechanisms and they are also important for various 
other chemical reactions. Similarly CI, CI I, CO, and other heavy 
elements turn out to be the most important coolant. Some of 
these species are the main sources of electron density, which 
in turn plays a speci f ic role in the chemistry of moleciiles. 
The rates are tabulated in Tables 2.2 to 2.^. 
2.^ Chemical and Ionisation Equilibrium 
As mentioned ear l ier the typical clouds considered here 
are associated with the HII regions. As a result these clouds 
are supposed to be exposed to u l t rav io le t radiations from the 
nearest hot stars of HII regions. The atoms and molecules 
having ionisation/dissociation energy less than 13.6 ev are 
mosJ:ly destroyed by these u l t rav io le t f lux ( >>912A°) . Inside 
the cloud the gas-phase reactions (Cf. Tables 2.3 & 2.V) 
dominate over other mechanisms (Cf. Tables 2.1,2 .2 ^ 2.5) • 
Although hydrogen away from IHI regions can not be ionised by 
ul trav io le t radiation of their hot stars, yet the observed 
recombination l ine of hydrogen show the existance of an 
appreciable fraction of ionised hydrogen in the cool regions 
of ISM. A lower l imi t set for the ionisation rate of hydrogen. 
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from the ©"bserved intensity of recombination l ines of 
hydrogen, is ^ 1 0 " S e c ' " ^ (Walmsley 197^ Qaiyum 1976). 
Cravens & Dalgarno (1978) calculated that 2 MeV cosmic 
ray proton may penetrate a hydrogen column density 
PO - 2 
Ng- = 9x10 cm ^ V7hile loosing most of i t s energy by ionisation. 
An upper l imi t set for the rate of ionisation by these protons 
is 2x10"^ ^sec"^ (Spitzer & Tomctsko 1 9 6 8 ) . This set of depth 
and rate of ionisation can not explain the abundance of 
ionisation in the medium. However, the additional f lux, other 
than 2 MeV proton, due to cosmic ray protons with energies 
E>10 MeV may penetrate to a greater depth > 1.6x10^^ (Cravens & Dalgamo 1 9 8 O ) but corresponding calciliated rate 
of ionisation of hydrogen 6.8x10"''®Sec"'' (Spitzer & 
Tomasko 1 9 6 8 ) and ^^ ^ (1 .5-3.0)xlO"'^^Sec"'' concluded from 
the observations of OH and HD (O'Donell and Wattson 197^ 
Glass gold & L anger 1976, Black & Dalgarno 1977) are too low 
to explain the intensity of recombination l ines of hydrogen. 
Following the conjecture of Jura (197^) we worked out 
the details of the ionisation of hydrogen using chlorine 
chemistry (Qaiyum & Ansari 1979)* Our clouds of interest 
If 
consists of the total hydrogen density n^ "^^  10 Cm For this 
order of density, molecular hydrogen H2 should be suf f ic ient ly 
abundant to react with any ion XII as XII + H2 XHII + H, 
thereby dominating the cloud chemistry (Black & Dalgarno 1973, 
Herbst & Klemperer 1973, Clavel et al 1 9 7 8 and De Jong et al 
1 9 8 0 ) . 
Although carbon i s ionised in the medium but we can 
not consider i t s reaction with H2 because the l a t t e r i s 
en do thermic. Since the medium of interest i s a low tempe-
rature region, therefore the possible reactions are restr icted 
by exothermicity. On the other hand chlorine with ionisation 
potential 12.97 ev, reacts with H2 exothermic al ly (Weiss, 
Lawrence & Young 1970) to give HCl I I . The photo dissociation 
of this IICl I I gives ionised hydrogen. The reactions are 
as follows: 
GUI + H2 ? HCIII + II + 0. l7 (ev ) (A1) 
HC1II+ hi^  > HII + CI • (A2) 
The abundances are calculated using the steady state 
balances: 
P .^Cn^CZ;), TgC®) = V^x^^^ ' ^e^^ ^ 2.9 
HqCZ) = t (Z) 2.10 
In these equations P and are the production and destruction X. uL 
rates for the species X of density n„(Z) at a position Z; 
nATt) and ni (Z) are the density of the electron and of ions i 
of element X at a distance Z. Al l the formation and destruction 
mechanism are defined in the preceding sections, 
For simplicity we have computed cloud models of uniform 
hydrogen number density n^ j = n(H) + 2n(H2); the variation in 
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the chemical composition of the cloud arises from the 
attenuation of UV radiations which ionises and. dissociates 
the gas constituents. 
The fraction f = /n^ of the molecular hydrogen i s 
calculated using the equation (Walmsley 
df 2 t (Z) . 
^ ^ = e A A (1 - f ) ^ + f ( 1 - f ) 2.11 
A = - ^ 
In this expression R is the recombination rate of atomic 
hydrogen on grain surface to form molecular hydrogen H2. I , 
the rate of dissociation for Hg at the exposed surface of the 
-7 -1 1 ^ -1 
cloud, i s equal to 2.7x10 sec h-.2x10-^  cm and cr i s 
the average geometric cross-section. X. (Z) is the e f f ec t i ve 
optical depth at 1000A° as defined previously. 
The computations presented here are f o r = cm~^  
and for the total coltmm hydrogen density N^ - = N(H) + 2N(H2) = pp _ p 
^xlO cm. To simplify further chemical equilibrium is 
presumed to have been attained. The geometry of the cloud i s 
plane-parallel. Our calculations may appear to be over 
simplif ied but i t permits at least a step towards the under-
standing of the physical conditions and physical processes 
operating in the cloud. 
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2.6 Besulta and Discussion 
2.6.1 lonisation structure 
Is discussed ear l i e r the constituent of the gas and 
i t s ions are very much dependent upon the strength of the 
molecular hydrogen at every point in the cloud. The 
growth and dependence of f on R i s discussed by Qaiyum & 
Ansari(l979) (see Figure l there). H^ i s also an important 
attenuator of the radiation. When hydrogen i s completely 
converted to E^, the absorption of radiation can block 30^ 
and 20^ of the u l t rav io l e t radiation band responsible fo r the 
ionisation of C and S respectively. Beside the dust and 
molecules, C,S and Si atoms are the most important absorbers 
of radiation. 
The importance of atomic absorption can be visualized 
from the comparisons of Figures 2.1(a) and 2.103") that gives the 
information about the depth and the range of ionisation of 
k 
carbon and of other heavy elements at n^ j = 10 cm for both the 
assumed abundances, AgCsolar) and Ajj(depleted) . Although dust 
absorption for both abundances is same, yet 10^ l e ve l of 
ionisation of carbon corresponds to dust optical depths, 
and 9 for Aq and Aj^  respectively. This i s due to the fac t 
that in the case of A-q the atomic absorption i s less than that 
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for Aq at the same depth, by the same factor with which the 
abundances are depleted. Further inside the cloud the ionised 
fraction of carbon is very small axid i t s ionisation i s only 
due to gas-phase reaction or cosmic ray protons. 
The other heavy elements having ionisation potential 
less than the carbon are ionised to a greater depth than the 
carbon. Their depths of ionisation depend too upon the 
abundances assumed. For Aq the depth of ionisation for S and SL 
are less than that for Aj^ , because of the self absorption. 
But the ionisation structure of Mg and Si are not appreciably 
di f ferent for both the abundances because of the low ionisation 
cross-section that contributes to the atomic absorption. 
Consequently,the electron density varies with position, 
depending upon the ionisation structure of hydrogen, carbon and 
of other heavy elements. After the ionisation edge of carbon, 
the electron abundance f a l l s sharply to the value of the sum 
of the abundances of the heavy elements. In the core of the 
cloud the abundance of electron is governed by the gas-phase 
reactions. 
The ionisation structure of hydrogen i s studied here 
extensively and computations have been carried out f o r the more 
l ike l y values of hydrogen density in the cloud: n^ . = 
2x10^ and 5x10^ cm'^ and the rates of H2 foiroation R=5x10"''^, 
3x10"''^ and 5x10""''^ secZ^ The results of these 
computations are presented in Tables 2.6 and 2.7. I t may be 
noted here that these are s l ight ly d i f ferent from those of 
Qaiymn and Ansari (1979) because of the new rates of chlorine 
reactions with II^ (Raouf et al.1980, Smith and Adams 1 9 8 I ) 
used here. 
The e f f e c t of R on nCH )^ and ionisation of CI and II 
atom is shown in Fi£^rei2.2 and 2.3' This dependence is rather 
pronounced. The e f f e c t of R on the ionisation of carbon is 
not shown here, since i t is negl ig ib le . F irst , we observe 
(see Figure 2.3) that the region of ionised chlorine GUI and 
H^ are almost separated from each other, since with the 
increase in the number density n(H2)=4- f the destruction of 
c m increases due to dominant reaction ClI I with E2' Second, 
as compared to carbon, chlorine is ionised in a very thin shell . 
This is due to the fact that in addition to electron recombi-
nation, c m is mostly reduced by reacting v/ith H^ (reaction A1) . 
The molecule so formed dissociates into HII and chlorine 
(reaction Ag) • Thirdly, we also see that CII and H2 regions 
have some volume in common, depending upon the rate R. 
From Figure 2.2 we notice that the ionisation of hydrogen 
is also strongly dependent on R. With high values of R the 
peaJcs are shifted towards the origin i . e . the boundary of the 
HII region, and the area under the curve (proportional to the 
emission measure EM) also increases with R. Besides, the 
positions of the peaks are nearly coincident with the corres-
ponding points of intersection of the ionised chlorine and of 
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f - curves shown in Figure 2.3. Evidently, at the point of 
intersection n(H2) and n(Cl I I ) are just optimal to give the 
peak in the n(PIII) curve, though before or beyond that point, 
one or the other number density i s low enough to reduce the 
production of n(HII) . 
The dotted curves in the Figure 2.2 are for Ap assumed 
here. Notice, that position of the peaks for both abundsmces 
coincide. I t i s also clear from the same f igure that the ratio 
n(HII)/n(CII) i s inf lated approximately by the same factor as 
the carbon is depleted, that i s the ionisation of hydrogen, 
n(HII) remaining nearly the same f o r both the abundances. In 
oiKer words ionisation of hydrogen depends weakly on the 
assumed abundance of CI. This can be explained as fol lows. 
In tbe case of depleted abundance, ng i s also depleted almost 
by the same factor as carbon, thereby decreasing the probability 
of the following reactions: 
HCIII + e » H + CI 
I 
H2CIII+ e > H + HCl, 
and consequently increasing the probability of the ionisation 
of hydrogen according to the following reactions, 
HCIII + hV ^ HII + CI 
I I 
H2CIII+ h^ > > HCIII + H . 
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From the Table 2.6 we see that emission measures f o r 
carbon, hydrogen and other heavy elements increase with 
increasing n^j. However^ the ratio of emission measures 
EM(HII)/EM(CII) increases f i r s t and then decreases. I t means 
the increase in EM of hydrogen and carbon are not in the same 
proportion. The i n i t i a l increase in the ratio can be simply 
understood as fol lows. V/ith the increase of n^ x, H^ molecule 
becomes quite abundant, since n(H2) ( 1 - f ) , while n(CII)o< n^ j 
only. Thus react ioml l lead to the more production of HII 
compared to CXI, thereby increasing the ratio of their emission 
measures. For suf f ic ient ly high n^ ^ i . e . high n^, reactions I 
are realised more than the reac t i oml l , thus suppressing the 
production of HII, while n(CII) s t i l l remaining proportional to 
nj.^ . This leads to the decrease of the emission measures. 
Another point to be mentioned here is that the ratio 
^ EM(X)/EM(CII) , where X stands f o r Mg, Si, S axid Fe, i s 
f a i r l y constant, though having a s l ight ly increasing trend. 
This ratio i s greater than the ratio of their total abundajice 
to carbon ^n(X)/n(C) . 
From the Table 2.7 i t i s clear that ionisation of 
hydrogen ahd therefore emission measureiof the species increaise 
with the increase of R. This i s because, in the region where 
CI is suf f ic ient ly ionised, Hg i s also available suf f i c ient ly 
due to high value of R to form HCIII thereby producing HII 
by realising reactions I I . 
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2.6.2 Abundances of molecules and neutral hydrogen atom 
Although we intend to present f i r s t in the fol lowing 
section a detailed calculation of the abundances of the 
molecules in the clouds associated with HII regions, we also 
discuss the association of the molecular region with those 
emitting the radio recombination l ines of carbon, hydrogen 
and other heavy elements. Besides, our cloud model leads to 
some ideas concerning the observational aspects of some of 
the molecules. The results of .the abundance calculation are 
suiranarized in Figures 2.Ka) and A f i r s t glance at these 
figures and also at Figures 2.1(a) and 2.l(b)leads one to the 
following conclusions: 
i ) The regions of ionised carbon CII and hydrogen HII are 
well separated av/ay from the associated (adjacent) molecular 
region other than H^' They are themselves not only associated 
with each other but have also some region in common (see 
Di agram 1) . 
i i ) The heavy elements other than carbon are ionised to 
a greater depth and have some domain common with the molecular 
region. Therefore, the properties and parameters derived from 
the ionised heavy elements and molecules may be approximately 
the same. 
i i i ) The most abundant molecule i s CO after H2 and i t takes 
more than 90^ of the carbon beyond 0.2 pc of the cloud depth, 
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while Carbon atom (Figs.2.1(a^ and 2.1CbD and i t s ion decreases 
sharply. The other abundant molecules plotted here are OH, 
H2O, CH, CH2 andH^CO. The abundances of these molecules 
are appreciable only in the inter ior part of the cloud i . e . 
either just about 0.2 pc or b i t deeper than this depth. This 
i s due to the reason that for Z < 0.2 pc al l the molecules 
have high rates of photo-ionisation and/or dissociation in 
the presence of large f lux of UV radiations from the nearest 
hot stars. 
i v ) There is signif icant difference between the calculated 
abundances of molecules for the case of solar and depleted 
abundance^. 
We reiterate that grains play a pivotal role in the 
molecular formation. The molecular formation processes are 
shown in a block diagram (Diagram Z ) . We discuss them in the 
follovTing. As we proceed towards the inter ior of the cloud, 
most of the hydrogen i s converted to H2 through sticking on the 
grain surface and UV bands through which H2 molecule dissociates 
are self-shielded by E^ ,* The cosmic ray ionisation of E^ 
produces which reacts e f f i c i en t l y with H2 to form Hy 
With the formation of H^^, the carbon and oxygen hydride;. " 
cycles start and they end up with the f ina l products of CH, CH2 
(carbon hydride), OH and 0fl2 (oxygen hydride) formation. 
Moreover, CH and CH2 are also formed by radiative association 
of C^  with H2 while CH and OH are also formed e f f i c i en t l y by 
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the reaction of C and 0 with H on the surface of grain. In 
the core of the cloud i s also highly abundant (Figs. 
and 2.%)) and i t i s mainly formed by the reaction of 0 with 
OH. The most observationally and theoretically studied 
molecule of interste l lar medium i s CO which i s mainly formed 
by the reaction of CH and CH"^  with 0, and OH with C and C"^ . 
The abundance of H2CO i s confined in the core of the cloud 
(Figures 2.%) and 2.^ dD and i t i s mainly formed through the 
intermediate molecules of carbon hydride cycle CH^  and CH^ ^ 
either by the electronic recombination, charge exchange, 
reaction with hydrogen or with combination of a l l these 
processes. 
We present in Table 2.8 the column densities N^X) of 
species X for the four cloud models (n^ ^ = 10^, 1o\ 10^, 
and 10^) ; the observational values are tabulated in Table 2.9 
for comparison. From these tables we observe the following; 
i ) For a single homogeneous cloud model two neutral 
hydrogen (H) regions corresponding to two values of N(H) in 
Table 2.8 exist along a particular l ine of sight. The 
magnitudes of these i'^ (H) at cm~^  are comparable to 
the two observed N(H) values f o r NGC 202^ and Orion A (see 
Table 2.9) . These t\io components of the neutral hydrogen of 
d i f f e r ing column densities embedded in a moleciilar cloud 
depend upon the kind of UV radiations fa l l ing on the exposed 
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surface. The portion exposed to UV radiation from the nearest 
hot star w i l l have greater column density of neutral hydrogen 
(because of the high dissociation rates) as compared to the 
portion exposed to cosmic background radiation, where radiation 
density i s low enough to dissociate the E^^ molecules only in 
a very thin region. 
i i ) The highly abundant and also most observation al ly and 
theoretically studied molecule in the interste l lar medium i s 
CO as mentioned above. I t s calculated column densities f o r 
both abundances are presented in Table 2.8 and compared with 
the observational values mentioned in Table 2.9. The calculated 
column densities ^^ (CO) at d i f ferent n^ are approximately equal 
but they d i f f e r for solar and depleted abundances, more or less 
by the factor of carbon depletion. Since N(CO) i s approximately 
same for a l l n^, one can not in fer the hydrogen density n^ ^ of 
the molecular region by just comparing the calculated N(CO) 
with the observational values, unless the size of the molecular 
region i s speci f ica l ly known. We may mention that we have 
restr icted ourselves here only to the calculation of the column 
densities. We also intend to study in future the pro f i l e 
structure of CO molecule that explains in detail the behaviour 
and conditions of the moleciilar cloud. The observed values of 
N(CO) l i e between the calculated values for solar ajid depleted 
abundances but they are closer to the case of solar abundance. 
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i l l ) As shown in Figures 2 . ^ ) and the second important 
abundant molecule is OH. The calculated column density of Oli 
decreases with the increase of n^, because of the reaction of 
oxygen with OH to form O2 (see reaction 5j Table 2 A ) . The 
If _ 
calculated column densities f o r n^^^lO cm are comparable to 
the observed values (Table 2.9), f o r both solar (Aq) and depleted 
abundances (Aj-,)- The column density N(OH) for Aq i s s l ight ly 
less than in the case of Ap because of the depletion of oxygen, 
since OH i s mainly destroyed by 0, producing O^j the depletion 
of 0 leading to the decrease of OH destruction. I t should be 
emphasized that in our calculation of N(OH) we have taken into 
account both the gas-phase reactions and foiroation of OH on the 
grain surface. Calculation with either of the processes w i l l 
not lead to results comparable with observations. 
i v ) The computed column densities of CH at high densities 
are greater by an order of magnitude than the observed values. 
I t i s probably due to the use of over estimated reaction rates 
of the formation of CH on the grain surface that dominates in 
the core of the cloud over the gas-phase reaction. I f reaction 
» 
rate of C and H on the grain surface would have been taken 
equal to that of 0 and H then the result obtained would hgve 
been very near to the observed values. In the outer region the 
CH formation through the gas-phase reaction H2 —> CH^  
(see Table 2.3j item 1^) dominate over the foimation through 
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grain surface (see Table 2.2, item 2). But this region i s not 
contributing to the total coliimn density, because CH is destroyed 
by the liV f lux from the nearest exciting star of HII region. We 
have, in particular, not considered the destruction of CH by 
reactions with nitrogen N which can be a dominant destruction 
process at large densities in the interior of the cloud. Moreover, 
reactions of CH"^  and CH^  with N can also reduce the CH^  and CH^  
densities and consequently the formation of CH. 
v) The column densities of E^ O and can not be compared with 
the observations as there are no values available in the 
l i terature for the regions considered here. The computed column 
densities for these molecules are not very much di f ferent for 
both the assumed abundances. The column densities also depend 
very weakly on the assumed values of n j^. 
v i ) The column density of H^ CO decreases with the increase of 
njj because in the inter ior of the cloud where i t i s abundant i t 
i s mostly destroyed by the reaction of 0 with H2CO at high njj 
(see reaction 9, Table 2.^) . The column densities for both solar 
and depleted abundances d i f f e r by an order of magnitude and the 
calculated values of N(H2C0) i s comparable to the observed fev 
depleted abundances. 
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FIGUKB CAPTIONS 
Fig.2.1 Variation of abundances ( re lat ive to hydrogen) 
of electrons, atomic and molecular ions with the 
cloud depth for two d i f ferent abundances; 
(a) Solar aU (b) Depleted. 
Fig.2.2 Variation of ionised carbon and hydrogen as a 
function of cloud depth for the abi;didahces : 
solar ( ) and depleted ( ) . 
Fig.2.3 Degree of ionisation of carbon (solid l ine ) and 
chlorine (dotted l ine ) as a function of cloud 
depth. The fraction of hydrogen in molecular 
form ( f ) i s shown by dotted l ines. Curves are 
-17 
drax-m for three d i f ferent values of R(a) 5x10 ^ 
(b) 10"''^ and (c) 5x10""^ ® cm^ sec"''. 
Fig.2.U- Abundances (re lat ive to hydrogen) of C"*" and 
molecules as a function of position in the cloud 
for two assumed abundances: 
(a) Solar and (b) Depleted. 
Diag.2 Schematic representation of chemical reaction scheme < 
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CHAPTER 3 
THEBMiOL STRUCTUBE 
3.1. Introduction 
The l ine radiations from atom, ions and molecules 
have greatly modified our ideas about the interste l lar matter 
and have revealed a large variety of physical concJltions in 
the interste l lar medium. That is why the low temperature and 
high density interste l lar medium have received considerable 
attention in the last decade. However, the ident i f icat ion of 
important processes responsible for the observed temperature 
of interste l lar gas continues to be one of the major problems 
in the theory of interste l lar medium, though several studies 
bearing on the thermal structure of the atomic and molecular 
clouds have been carried out (Clavel et al . 1978, Viala et al . 
1979 and dejong et al.1980) . 
A number of heating mechanisms that have been proposed 
are: cosmic rays, photoionisation of carbon and other heavy 
dements by background radiation. Photo-emission of electrons 
from dust grains, foimation of H2 on grains and i t s dissociation, 
energy deposition, during chemical reactions, and gravitational 
collapse. In the following section we consider each of these 
processes one by one. 
The molecular l ine emissions are expected to play an 
important role in thermal balance of dense clouds, whereas 
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in dif fuse clouds the cooling i s predominantly by the ionic 
aJid atomic species, the f ine structure ( f . s . ) of which have 
low excitation energy. The most important species are C,0,Si 
and Fg atoms ahd some of their ions. 
The dust grains have also a signif icant role in the 
interste l lar medium. They protect the atoms and molecules 
from ionisation and/or dissociation by absorbing the ultra-
v io l e t radiation from the galactic background or nearest hot 
stars of associated HII regions. The photo-electrons from dust 
grains are now supposed to be a potential heating agent in the 
interste l lar medium. This i s discussed in some detail in this 
chapter. 
In Calculating the thermal structure we include the far-
infrared radiations from the dust grains in the associated HII 
regions and photoy> trapping. I t i s found that the la t t e r and 
FIR are also important for determining the leve l populations of 
atoms, ions and molecules. As a result cooling from the available 
species i s also modified. 
In the following we study: i ) The relat ive importance 
of various heating and cooling mechanisms in di f ferent regions 
of the cloud, i i ) The e f f e c t of FIR f i e l d from associated HII 
regions on leve l populations of CO molecules, i t s isotopes, 
carbon atom and i t s ion and resulting cooling from these species, 
i i i ) Variation of l eve l populations and cooling rates over the 
5 3 
hydrogen density range 10 to kinetic temperature 
10 to 100 K and abundance between 10"^ to 10"^. Thermal 
structure i s solved using detailed balance between heating 
and cooling based upon the assumption that thermal and dynamical 
time scales are of the same order of magnitude and thermal 
equilibrium prevails. From the above study we are also able 
to draw some useful conclusions about the thermal structure 
in the cloud in the l i ght of observations. 
3.2 Heating Mechanism 
3.2.1 Heating due to photo-electrons from dust grai-ns 
In recent years photo-electric emission from dust grains 
has received much attention as a potential ly iinportant heat 
source for the interste l lar medium (Watson 1972, Glassgold & 
Langer 197^, Jura 1976, deJong 1977 and Draine 1978). None of 
the above authors have however accounted for the attenuation 
e f f e c t and also ul trav io let radiations from the hot stars of 
the associated HII regions. I t may be mentioned that the heating 
of the gas by this process depends upon the electron and photon 
energy distribution and also upon the charge on the grains. 
The charge i t s e l f depends upon the electron density and tempe-
rature of the medium. Following the method of Draine (1978) 
we derive the expressions fo r the charge on the grain and heating 
of the gas. 
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i ) Grain Potential 
Before discussing the heating due to photo-electrons 
we must solve for electron and proton capture rates on the 
grains, R^ and Rp respectively, and rate of photo-electron 
emission € from the surface of the grain to determine the 
potential TJ on the surface of grains. The capture and emission 
rates themselves depend upon the grain potential. The expressions 
for the capture of electrons and protons on the surfaces of 
grains are (Spitzer 1968) 
I^ e = = "e ^e ^e (1 ^ f ) for f > 0 3.1a 
= "e ^e ^e e ^ for 0 3.1b 
^ = = n(H*) Vp e for cf> 0 3.2a 
= nCH-^ ) Vp ( 1 - f ) for ac 0 3.2b 
where cp = U/kTg, n^ and nCH''') are the electron and proton 
densities, v^ and Vp are the respective thermal ve loc i t i es , 
and s. & s_ are the sticking coef f ic ients respectively. The e p 
photo-electron emission rate ^^  from the grain surface i s 
written, as: 
fmax 
€ = e e 
^ i n 
J^CE) dE 3.3 
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where 
Je(E) = 
4 
Here V i s the Lyman l im i t and the threshold frequency 
fo r the eject ion of electrons. Emin depends on the charge on 
the grain. I t i s zero f o r negatively charged grain and equal 
to potential U for pos i t ive ly charged grains. ^h) • 
The coe f f i c i en t of absorption = (Tabs/ (geometrical) 
and i s taken to he equal to 0,75 f o r hi; > 6ev(Draine 1978). The 
f lux of u l t rav io l e t radiations Fy around lOOOA*^ , which causes 
the emission of electrons from the grains, i s taken to be equal 
to the Value defined by equation 2.2. Y( ) i s the y i e ld of 
electrons and f ( E , V ) the photo-electron kinetic energy d is t r i -
bution. Here we adopt a f ter Draine (1978), 
= r h ^ f 3 y 3.5 
Y ( V ) = I v ) • 3.6 
The parameter B i s s l i ght ly greater than the threshold frequency 
and i t s value equal to 8 eV gives a representative form 
of the y i e ld from combined grains of a l l types f o r y^ = 0.5 
(see f i g . 1 , Draine 1978). In the present case i s also 
approximated by B. 
56 
Substituting 2.2, 3.5 and 3 . 6 in and 3.^ in 3-3 
the photo-electron emission rate may be approximated as: 
e^ = ^ Qabs^oo^F (0.5.Z)2 u <0 3.7a 
^v 0:<U<5.6 3.7b 
• = 0 e^v u:^ 5-6 3.7c 
The typical value of 5.6 = 13 .6-8 = h - B depends evidently 
on the assumed value of B. The charge on the grain i s determined 
using the balance between charges. This i s equivalent to 
equating the capture and emission rates, namely, 
i = Re - Ep - Re 3.8 
since Rp<9< i j J m^  . A simplif ied expression fo r the grain-
potential U 0 is obtained from 3 .8 by substituting values 
from 3.7t and 3.1a as follovrs: 
vp(i + ep) = (1-p)^ , P = u/5.6 
which gives 
r U/n f ), 'h 1 1 
3.9a u 5 . 6 [ l - - " I { 1 - (1 ) 
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^ IT (Z) 
Here V = "e ^-Trnf^ ® ' /I.SxIO^O Q^^ ^ y ^ 
( in our case) 
and 9 - ^ S S J I = ^ - kTg T jK^ 
The solution for U < 0 is rather simple 
U = -kTgln<p 3.9b 
Using these two simplified forms of expression fo r U we can 
calculate the potential on the grain. 
i i ) Heating 
The heating of the gas depends upon the amount of energy 
carried by photo-electrons emitted from the dust grains. Ave-
raging over the electron current distribution we get for the heat-
ing per unit volume. 
E ^max 
H(grain) = "h ^ J '^ e'^ ®^  ^ 
£ min 
Where cr i s the cross-section of the grain. Putting the various 
o 
V a l u e s i n t h e above e q u a t i o n , t h e e x p r e s s i o n may be a p p r o x i m a t e d 
a s : 
- T (z ) U ^ 2, 
H(grain) ^ if.5x10-2 q^^^ y^ X^ e ^ n^^ /(0.5+Z) 
evj^cm'^sec""^ f o r O < U < 5 . 6 (3-11) 
-Tj^(Z) 
for U < 0 
0 for U 5.6 
I t may be mentioned that nximerical results obtained from 
the general expression 3«10 are not s igni f icantly d i f ferent 
the 
from those obtained from/approximate expression 3'11. 
3.2.2. Cosmic ray heating 
The ionisation of atomic and molecular hydrogen as 
discussed in section (2.5) and the resulting heating rates are 
quite uncertain. I t have been demonstrated by Cravens and 
Dalgamo (1978) that only protons of energy 20 Mev can 
22 - 2 
penetrate a hydrogen column density ^ 6x10 cm which i s 
the value adopted in the present work. O'Donnel and Watson( 197^), 
Glassgold and Langer (1976) and Black & Dalgarno (1977) argued 
on the basis of observations of HD and OH in dif fuse clouds 
-17 -1 
that the ionisation rate of E^ i s (1.5 - 3.0)x10 sec. This 
may be achieved i f the proton f lux in the range 10 < E < lOOMeV 
is considered in addition to that of 2 MeV. The ionisation 
rate adopted here for ionisation of d i f ferent elements by 
cosmic rays are l i s ted in the Table 2.2. 
The total heating rate due to ionisation of hydrogen, 
helixam and hydrogen molecule by cosmic rays i s 
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H(CB) = (H) n(H) QcR(H)^Xj(He)QoR(He)^yH2) nffl^) Q^ jj^ CHg) 3.12 
Where Qqj^s are the energy supplied to the medium through the 
ionisation of mentioned species, i t depend upon the energy of the 
cosmic ray protons and also on fract ional abundance of electrons. 
/ 
According to Cravens & Dalgarno (1978) the amount of heat deposited 
for various species may be taken Q^ ^^ CHQ) = Qcr^^^ 7.t) eV and ^ 
" 17eV for 10 MeV protons, while 100 MeV protons gives 8 eV 
and 26 eV respectively. The average values adopted for 10 <E <100 MeV 
protons are 7-5 ev fo r hydrogen and helium and ^^  20 ev fo r 
hydrogen molecule. Now using the relations n^ ^ = n(H)+2n(H2), 
fHe = n(He)/nH, f = 2 nCHg)/!^ ,^, t (H^) ? ^^ (H,) S 2 ^^ (H) 
(Table 2.2) and substituting the values of Q^ j^^  we represent 
equation 3.12 as fol lows: 
^CR^" (^.5 + 7.5 f ^ J (H2) f ^^ (H2)njj + term due to 
2 Mev proton. Since f^g ^ -1 > we can write (I4-.5 + 7.5 f j jg ) = ^d+f^g) 
and also 5-5 
Therefore 
OA 
H(CR) = K (H2) n^ j + 2.25x10"^^ e ^ 
erg cm -^sec 3.13 
This equation i s similar to Clavel et al.(1978) but not exactly 
equal. The l as t term of the equation i s arising due to 2 MeY 
protons. The maximum value f o r the ionisation by 2MeV proton i s 
6 0 
adopted - 2 x 1 0 " " * ( S p i t z e r and Tomasko 1968). 
Heating due to Ho formation and i t s dissociation 
The molecules formed on the grains are ejected into the 
gas with energy equal to i t s binding energy ev. A part of 
this energy i s ut i l i zed to raise the internal energy of H^ and 
also of grains which may he radiated away, while the rest of the 
energy goes into the gas as heat. The heating from this process 
i s therefore 
H(H2 form) = R n(n) Qh^ " ^ ( l - f )n j j^ Q^^  ergs cm'^sec"'' 3.1^ 
where R i s the molecular formation rate of H2 and Q^  i s the energy 
converted to heat. The total heating through this process i s 
uncertain on two grounds. F i rst ly , the actual fraction of binding 
energy converted to heat i s not known. Barlow & Silk (1976) have 
shown that the mean value of the heat input i s 2.2 ev f o r graphite 
grain which could be the main site f o r H2 formation. This value i s 
adopted in the present work. Secondly, the value of ( 1 - f ) depend 
on the theory of moleciilar evolution. Goldsmith & Langer (1978) 
have discussed that time dependent theory w i l l give a high value 
of (1 - f ) in comparison with the steady state theory. As a result 
net input w i l l also be high. In the follov/ing we argue that the 
value of (1 - f ) obtained at n^^-IO^ by both these theories w i l l be 
approximately equal for the clouds considered here. According to 
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the time dependent evolution the value of (1 - f ) may be 
k _ o 5 
obtained for n^ = 10 cm in a time scale of 2x10 years 
(Allen & Robinson 1976), the l i f e time of the clouds mentioned 
here. However, the steady state theory also yields approximately 
same result ( l - f )N^IO"^ (Goldsmith & Langer 1978). Therefore ' 
heatin.g in both the cases w i l l be approximately same. 
The photo-dissociation of H^ molecules also give rise to 
heat energy = 0.^ 4-2 ev ^ .09 -^ of the binding energy per pair of 
H-atom formed. Therefore 
. n diss ^ . 
H (Hp, disso) = 8x10''^ X^  niE^) erg cm"-^sec~' 3-15 
uv 
I 
(Stephens & Dalgamo 1972). 
3.2.^ Heating by Photo-ionisation of heavy elements; 
A medium can also be heated by the ejected pho to-electrons 
from heavy elements having ionisation potential less than Lyman 
l imi t , i . e . from C, Mg, Si, S and Fe. The electrons w i l l carry an 
energy (hlJ - h U ) , where i s the frequency of radiation and ^ 
i s the ionisation l imi t of an element. The heat i s produced 
after thermalization of electrons. The heating rate i s given by 
H(Photo-ion) = 2" n. , 
J 1 1 - V 
V. - r ( z ) 
h v ( l — ( Z ) 0 : ( 2 ^ ) e ^ di ; 
erg cm"-^ sec~ 3*16 
6 2 
Here n^ is the density of specie i and the corresponding 
ionisation cross-section. In the present calculation the 
ionisation cross-sections and f lux F^ (Z) used are referred in 
Chapter 2. 
3.2.^ Chemical heating 
The molecules in the dense and cool clouds are mostly formed 
through the exothermic reactions. The energy released during 
the reaction is either converted into kinetic or internal energy 
of the system. The fraction of the energy l iberated, that i s 
deposited in the form of heat i s quite uncertain. A part of the 
energy is certainly ut i l i zed to increase the internal energy of 
the gas. I f Q^j is the energy appearing as heat energy during 
the reaction (Clavel et al.1978) and R^ .^ are the reaction rates 
(see Tables 2.3 to 2.5) then the heating i s given by 
^ 1 H(Chem) = r^^ n^n^ R^ .^ (erg cm"-^  sec" ' ) 3.17 
Where sum i s taken over every pair of chemical reactions having 
the densities n. and n. . For simplicity we presume that the total 
J - J 
energy released is deposited as a heat wliich i s rather upper 
bound of the heating by this process. 
3.2.6 Gravitational Contraction; 
Gravitational collapse is one of the various dynamical 
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processes for the l ine broadening of CO molecules and accounts 
for the observed l ine width ranging from 5 to 10 km sec in 
large clouds near HH regions (Leung & Liszt 1976). Thereforej 
this process could also be considered to contribute in the 
heating of the ISM, as discussed in detail by Goldsmith & Langer 
(1978). According to the la t te r , during the gravitational collapse 
the compressional v;ork P part icle against the 
internal pressure P w i l l be converted into heat. The maximum 
value of this work i s achieved by equating i t to the gravitational 
i_ d-a 
the gravitational potential. In the presence of the thermal 
potential per particle — ^ ^ where V i s the volume and -Q. 
pressure only Goldsmith & Lajiger(1978) obtain the following 
expression for heating by setting gravitational contraction 
equal to compression work, v i z . , 
3/2 
Il(comp) = ^ = 3.6x10'^"" T n(Ho) erg cm'^sec""' ® ^ 
3.18 
where t^^ i s the free f a l l time = (^^ ^ -) , f i s the density. 
The temperature Tg can be determined using thermal equilibrium, 
which i s set up in dense clouds within a time less than t ^ f 
3 •2.7 Gass - grain interaction 
Scoville and Kwan (1976) have shown that there i s no 
coupling between the dust and the gas. As a result, the energy 
exchange between gas-grain col l is ion may be an important source 
of heating or cooling depending upon the temperatures of the 
dust and the gas. Tlie rate of the energy exchange in the gas 
through such col l is ions i s (Spitzer 19^9) < 
Here n^ i s the density of part ic les of mass mp, n^ i s the grain 
density, cr i s the geometric cross-section of a grain and T_ i s 6 g 
the grain temperature, "^ p i s the accomodation coe f f i c i en t of 
par t ic le . Since the most abundant part ic les are either hydrogen 
or i t s molecule for which "^ p i s taken to be equal to 1 . The 
equation 3.19 i s s impli f ied as: 
H(Coll) = 1.5+5x10"^^ (1- .65f) npj^  t | (Tg-T^) erg cm"^sec"'^ 3-20 
I f T _>T - , the heating of the gas v; i l l occur because of the g e 
energy transfer from the dust to the gas, while the cooling 
w i l l occur for Tg < T^. 
3.3 Cooling 
3 , 3 . 1 Level population and cooling rate; 
To solve the l e v e l population of mult i level molecules 
and also of atoms and ions at a particular posit ion Z in the 
cloud, a l l the populating and depopulating processes of a 
particular l eve l i are considered. In general we can wr i te . 
nj_(X) p^. (x ) = J- n^(X) P.^(X) 3-21 
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Where n^ ajid n^  are the n-umber densities of element X in leve ls 
i and j . P. . i s expressi'ble in terms of radiative, induced and 
-'-J 
col l is ional transition probabil i t ies k . . , . and C. . respec-
J 1J -L J 
t ive ly as follows: 
P, . (X) = <J-.p ^ ( i > d) 3.22 
= (X) + (X) ( i < d) 
The mean radiation f i e l d includes the background 
radiation and local source function. With the assumption of 
the complete redistribution of frequencies for a spherical 
cloud, this mean radiation f i e l d l^ay be written as 
(deJong et al.1975) 
<Jl3> = b - t j ] SlJ - i ^ i d , ^ 2 . 7 , V 3.23 
Where B^ ^ i s the Plank function at frequency V .^, T^^y i s the 
temperature of the universal background radiation and T i s o 
the grain temperature. Sj^ ^^ . i s the local source function, given 
by (dejong et al.197?) , 
S..(X) = 2h [n^(X) W^(X)/n^(X)W^.(X)-l]j 3.2lf 
Where W's are the s tat is t ica l weights corresponding to l eve l 
i and j . The escape probability for a spherical cloud (Goldsmith 
& Langer 1978) . ^ 
• ij^^^ 
= ( 1 - e W (X) 3.25 
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Scoville and Solomon (197^) have explored a similar model 
of a plane paral lel cloud with uniform density and obtain for 
escape probability. 
-3 "^..(X) 
(X) = (1 - e . iJ ) / 3 (X) . 3.26 
The numerical results at large values of d i f f e r from 
those of the spherical clouds. The optical depth X .(X) in 
the velocity gradient (dv/dr) model i s 
\ . ( X ) = h [ni(X)(5_.(X) - n.(X) tB. (X) r / / (dv/dr). 3.27 
Considering al l the possible transitions from a particular 
species X, the total cooling rate (erg cm sec ) i s after 
Goldsmith & Langer (1978) . 
t (3 . (E. - E. ) 3.28 
Here U( V . ) is the energy density of the background radiation 
J - J 
in which we include beside the universal background 2.7k also 
FIR f i e l d . 
3.3*2 Induced transition; 
Level populations of atoms/molecules are very much 
governed by the induced transitions due to background radiation 
combined with the local source function. I t is customary to 
consider only the universal background radiation of 2.7k. I t 
has however been observed that a number of cool and. dense 
clouds are associated with HII regions, and in neighbour-hood 
of the HII regions a typical value of grain temperature i s 
found to be 60 k with an optical depth of unity at 60 yL 
(Westbrook et al . l976). Following Ungerecht & Walmsley (1978), 
we attempt here to take into account also the FIR f i e l d from 
associated HII regional (Qaiyum & Ansari 1983 b) . This f i e l d 
can be approximated as: 
- r _ ( V ) 
J( V ) = W B^ ( T J ( 1 - e S ) 3.29 
IR 
In this expression W is the dilution factor equal to 0.^-1.0 
depending upon the proximity of the regions considered here. 
B^ (T ) is the Plank function at grain temperature T . ^ i s o b o 
the dust optical depth, which is determined by using the 
observation that ^ = l at the turn-over frequency 60/u but 
1 
i t may vary as Hence the leve l population and the resulting 
cooling are calculated here using FIR f i e l d . We study the e f f e c t 
of grain temperature UO k and 60 k on l eve l population and 
cooling also. 
3.3.3 Cooling by atoms, ions and molecules 
The interste l lar gas i s cooled by the neutral, ionic 
and molecular species co l l is ional ly excited by electrons 
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hydrogen atoms or i t s molecules. The selection of a particiilar 
coolant, in a medium of temperature range 10-^00 K, depends 
upon two main parameters that enter into the cooling rates, 
namely, the leve l spacing T^ ^ (°K) = ^ and the abundance 
of the species. 
For a t w leve l model, the cooling rates in the optical ly 
thin and thick- l imits are proportional to T. . e and 
If -"^ii/^e ^^  T^^  e '' respectively. So, we may argue that, in the 
temperature range mentioned above, the cooling from the species 
having very low and high leve l spl i t t ing, T. j and T > 600K 
-L J X J 
respectively, i s therefore unimportant. Since the rotational 
leve l spl itt ing T.. in the molecule is inversely propotional 
J 
to the moment of inert ia, molecules with three or more heavy 
atoms (large moment of inert ia ) or with none (small moment of 
inert ia ) are unimportant f o r the cooling of the clouds in the 
range 10-500 K. Consequently, the important molecular species 
are E^, HD, HCl, CO, O^, CS, SiO, H2O and HCN apart from the 
atoms of C, 0, Si and Fe and some of their ions. Further more 
these molecules may have also an appreciable fractional abundance 
and have also a low excitation energy in the range 10-500 K. 
Apart from the l eve l spacing and the abundance of the 
coolant, the cooling is sensitive, in general, also to the 
parameters: kinetic temperature, density, ve loci ty structure 
and optical depth. Besides these parameters the cooling depends 
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also on the col l is ional , induced and radiative rates and 
the resulting photon trapping. 
The most abundant atomic specie CI and i t s ion CII, 
the fine structures of the la t ter are ^P^/a 
and of the former (38.9°K), and 
have low excitation energy ( l eve l spacing) that can be 
col l is ional ly excited. Other heavy elements Si, S and Fq are 
mostly in ionised form to a greater depth in the cloud. The 
analogous transitions of ionised atoms, namely, 
%3/2 \ (M3°K) S i l l 
and also of 01 
\ / 2 \ / 2 ^ 
wi l l 
, Fel l 
\ P^-, (97.9°K), — (228°K) 
be suppressed by the Bolt2man factors in the col l is ional 
excitation rates at very low temperature, thereby negligibly 
contributing to the cooling. Since in the present calculations 
the temperature in the outer regions of the clouds ( i . e . in 
the neighbourhood of HII regions) may be about 100 K therefore, 
the cooling from these species i s also considered. However 
ions of SIX and Mgll are ine f fec t i ve , because of their too high 
excitation energies, e.g. for SII T^ ^^ . = 21^0°K. 
The cooling due to the f ine structure transitions of 
CI excited by electrons ahd H-atoms has been studied by Penston 
(1970), Dalgarno and McCray (1972), and Launay and iloueff( 1977a) 
Since the col l is ional excitation of CI by H2 has yet to be 
studied in detail , i t s rate i s taKen presently as 10 times 
smaller than the rate of co l l is ional excitat ion by H-atom 
(Goldsmith and Langer 1978). We taiie the rates of excitation 
of CII by electrons from Saraph et a l . ( I969) , by H from 
Launay and Roueff (1977b), and by H^ from Chu Dalgarno( 197^) 
and Flower and Launay (1977a,b). 
The cooling due to 01^ S i I I and Fe l l by electron and 
H-atoms is reviewed by Dalgarno and McCray (1972). The electron 
impact excitation rates f o r S i l l and Fe l l are taken from 
Seaton (1955) and Seaton (1958) respect ive ly . The rate of 
co l l is ional excitation of these species by E^ has not been 
studied. These rates are taken to be equal to the co l l is ional 
excitation rate by H-atom after Gerola and Glassgold (1978). 
The formation of molecules has important implications 
f o r the cooling of the in ters te l la r gas. The most abundant 
molecule i s E^ but i t s l e v e l spacing (509K) of 2 —^ 0 transition 
i s too large to compete, in general, with many atomic and 
molecular coolants even a f ter the complete conversion of H to 
E^' The temperature range considered in the present work i s rather 
high. Therefore the contribution from this molecule i s also 
considered. 
The second most abundant molecule i s CO and i t s l eve l 
spacing for J rotational quantum numbers are 5«53J' (°K) . From 
this V a l u e we see that l eve l s upto ^=20 may contribute appreci-
ably to the cooling. Actually CO i s found to be the main cooling 
agent in the in te rs te l l a r me<iium. 
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The cooling due to HD is not s igni f icant here because 
of i t s low excitation rates and abundance. Further, the 
Boltzman factor suppresses here also the cooling for the l eve l 
spacing J= 0 transition at 131K (Goldsmith & Langer 1978). 
Goldreich and Kwan (197^ have studied the cooling due to CS 
and SiO and found i t to be negl igibly small as compared to that 
due to CO because of low abundance. 
The cooling due to HGl is studied by Glassgold and 
Langer (1976) for HCl/nj^  $ I t was found that the contri-
bution of HGl Can not compete with other coolants even at this 
abundance. I t should be mentioned here that the calculated 
o 
abundance of HGl/n^ i s ^ 10" ( Q a i j ^ & Ansari 1979)' Therefore 
HGl is not considered here as a coolant. 
I t has also been shown that at high density Ti^ and 
w i l l be contributing to the cooling, in particular the contri-
bution of H2O i s large (Goldsmith and Langer 1978). Our 
abundance calculations of H^ O aPd presented in the Figures 
ii Co.) cCvci.(b) sho\r that the abundance of these molecules are 
small er by an order of magnitude than those assumed by 
(Goldsmith and Langer 1978). Therefore again these molecules 
do not contribute to the cooling as compared to GO molecule 
and i t s isotopes. 
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3.h Hnmerical results and discussion 
3.V.1 Ef fect of density and UV radiation on Photo-electron heating 
Here we would l ike to study the variation of photo-electron 
heating with densities and UV radiation along with the charge U. 
Fig.3-1J We have plotted the grain potential U(ev) as well as 
heating,rates as a function of the number density n^ p for two 
di f ferent u l t rav io le t radiation f i e lds and two abundances: Solar 
(continuous l ines) and depleted (dotted). Apart from many para-
meters U depends exp l i c i t l y on tv;o main factors. F i rs t ly , i t 
depends upon the number density (n^) of electrons in the medium 
which recombine on the surface of grain to maJce i t negatively 
charged; n^ o( n^. Secondly, the rate of photo-electron emission 
that leaves the grain posit ively charged. The detail balance 
between these two processes determines the magnitude of the 
potential on the surface of grains. With the increase of n^ the 
recombination increases resulting in a decrease in the positive 
potential on the surface. This is evident from the f igure and 
i t can also be deduced from the equation 3.9 • Similarly with 
the increase of radiation the photo-emission of electrons causes 
the deficiency of electrons on the grain surface thereby 
increasing the positive charge on the grain. I t i s also clear 
from the same figure that grains are more posit ive ly charged 
fo r depleted abundance that for solar abundance, n^ remaining 
the same. Evidently less electrons are available to neutralize 
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the grain in the case of depleted abundance. 
From the same figure the following conclusions(explained 
in the sequel) may be drawn about the heating e f f i c iency: 
( i ) The photo-electron heating does not depend as 
strongly on the ul t rav io le t radiation as on the number density 
of hydrogen. In fac t the enhancement in increases U that in 
turn reduces H( grain) by the factor (l-U/5«6) . At large 
densities njj>10^cm"^ the heating i s propotional to n^ .^ 
i i ) For the low density n^^ 2x1 o'^, an increase in the 
amount of radiation results in reduced heating while for 
nj^  2x10^ the heating increases vrith increasing radiation. For 
njj >10^ cm"2 the heating i s directly propotional to "^ j, as 
expected from equation 3.11) also U being substantially reduced. 
i i i ) Although no number density other than that of 
hydrogen i s involved expl ic i t ly in the expression 3'11) yet 
heating depends impl ic i t ly upon n^ and through i t on the assumed 
abundance of elements, see equation 2.10. 
i v ) The variations in the heating f o r depleted abundance 
i s not signif icant f o r the two assumed values of in the 
range 10 c n^^lO-^ on These conclusions may be explained 
as follows: 
Again, f o r the low electron density and high radiation 
the grain becomes highly posit ively charged, and as a result 
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the heating is tremendously reduced inspite of the increase 
in the radiation density, i . e . = 1 to 10. We can see this 
from the figure that at n^^ = 10^ and for = 10.0 the 
potential U on the grain i s ^ 5 ©v that maKes the threshold 
l imit , = 13 ev for B = 8ev. Therefore only very small fraction 
of the energy is available for heating. For high density, U 
i s small. Therefore enhancement in the radiation increases 
Of 
the heating ahd i t becomes almost l inearly dependent on j, for 
very high density. However in the cloud of interest, 
10^<ng <10^ cm''^, the uncertainty in the amount of UV radiation 
from hot stars (assumed values of would not a f fec t the 
thermal structure signi f icantly. 
3.1+.2 E f f ec t of Far Infra-red Badiations on Cooling 
As mentioned earl ier , the aim of this section is to 
demonstrate that cooling e f f ic iency in the low temperature 
region, Tg ^100K, i s greatly modified in the presence of FIB 
from the nearest associated HII regions. We present here our 
calculation of the cooling rates of C, C''",CO and brightness 
temperature of CO. The calculations have been carried out for 
the density n^^ = 10 to lo"^ cm"^  and abundances (denoted by 
X (element)) ranging between 10"^ to 10"^. The grain tempe-
ratures considered are T„ = ^ and 60K. 
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Fig 3.2 : The cooling rates A(X)/n(X) are plotted 
against the hydrogen molecule density n(H2) cm~ .^ The cooling 
rates for carbon atoms are shown in Figures 3.a^a)to 3.2^) at kinetic 
temperatures 10,20 and 100 K respectively. At T. = 10 K 
© 
(Figure 3-2(a)) the colling rates with FIR from T = UO K are o 
compared with those without FIR. At low temperature and low 
n(H2) the cooling i s reduced by a factor about 5 in the presence 
of FIR. This factor increases further with increasing n(H2)• 
In the regime where photon-trapping becomes important, there is 
discontinuity in the dash curve. This is due to the fac t that 
after a particular density of H2 the absorption of radiation 
takes place instead of the emission from the f ine structure 
transitions of the atom. I t may be added that this discontinuity 
i s a special feature of such lov^ temperature as T. = 10K. 
At T^ = 20 K (Fig.3.2(b)) the cooling rates with FIR from 
i 
T = ^ and 60 K are compared with those FIR. At this o 
Particular temperature the factor, by which cooling rates in 
the two cases are reduced, is almost constant over the whole 
range of density ndig) • The increase of the grain temperature 
decreases further the rate of cooling. At Tg = 100 K(Fig.3.2(c)) 
the e f f e c t of FIR is negligibly small. In general, increase 
in the temperature T„ decreases the e f f e c t of FIR. 
Fig.3.3: The cooling from carbon ion Gil i s shown in 
Figures 3.3Ca^ & 3.3N- T^  = 10 K is not considered here, because 
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col l is ional rates at this temperature contribute negligibly-
small due to high spl i t t ing of f ine structure ^ 92 K. At this 
low temperature the heating of the medium instead of the 
cooling w i l l result by the absorption radiation. At = ^ K 
(Fig.3*3(a)), the e f f e c t of various parameters on the cooling 
i s considered. I t should be noted here that cooling from carbon 
ion i s largely modified at this temperature as compared with 
the cooling from other species even at lower temperature, e.g., 
Tg = 20 K; compare Fig.3-3(a)with and 3.^c). The high 
reduction in the cooling is due to the large leve l spl i t t ing 
* 
and high rate of induced emission. The increase of kinetic 
temperature T decreases the contribution of the background 
radiation. At T^  = 100 K(Fig.3-3tb))the contribution of FIR i s 
again small. 
Fig.3»^: The reduced cooling rates of various 
transitions of CO molecule are plotted against n(H2) in 
F i g . 3 . ^ . I t is signif icant that the cooling from higher 
transitions dominates at high n(H2) and thus total cooling 
remains propotional to niE^) long after the lower leve ls are 
thermalized. From the same figure i t can be seen that the 
cooling from the lower transitions are affected more in the 
presence of FIR at low n(H2) than at high molecular hydrogen 
density. For higher transitions the situation is quite 
reversed because of high induced rates. On the other hand, 
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for higher transitions and low n(H2) the cooling is enhanced 
in the presence of FIR by several factors. As n(H2) increases, 
the cooling with and without FIR approaches the same value. 
With further increase in nCH )^ f o r the same transitions the 
cooling with FIR reduces by several factors. Moreover, i t can 
also be inferred that cooling with FIR from higher leve ls 
having high transition rates i s much affected as compared with 
that from lov;er l eve ls . 
The total cooling (summed over a l l transitions) at low 
nCH )^ predominantly from the lower transitions while at high 
density i t i s mainly due to the higher transitions. Therefore 
the total cooling from CO molecule i s less affected at low nCH )^ 
in the presence of FIR f i e l d as compared to that at high density 
where i t i s reduced by several factors (see Figs.3.%»)to 3-Kd)V 
I t can be seen from Figures S.Mti) to 3 * ^ ) that there 
exist a low hydrogen density regime in which the to cooling per 
coolant A(CO)/n(CO) is independent of abundance and i s 
propotional to n(H2) > whereas in the high density region the 
cooling A(CO)/n(CO) i s propotional to abundance. In the case 
of molecules also, the cooling rate with FIR i s much af fected 
at low temperature 10 and 20 K (Figs.3.%)& 3.^:)), and the FIR 
e f f e c t i s negl igibly small at Tg = 100 K (Fig.3.^d)). 
Figure 3.5 i l lustrates n(H2) versus the calculated ratio 
of the brightness temperature T^ of 2 —> 1 and 1 —J" 0 l ines of 
''^ CO f o r the velocity gradient = 10 km Sec""^  Pc"'', kinetic 
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temperature T = 20, 100 K and T_ = 60 K. This ratio increases ^ & 
with density and becomes greater than 1 for T^ = 100K in the 
© 
range of hydrogen density 10^ — 10^ cm~ .^ This increase i s 
because the 2 —• 1 transition is thermalized at lower density 
as compared to the 1—> 0 transition, as a resiilt of enhanced 
col l is ion rate coe f f ic ient for J" = 2--^  o transition. I\irther 
i t i s seen from the same figure that ratio with i'lR i s 
larger (or smaller) than that without FIR for lower (or higher) 
n(H2) . This is due to the reason that as we move towards the 
higher transitions the cooling reduces in the presence of FIR 
for high density of ndig) • 
I t may be reiterated that the cooling due to the f ine-
structure transitions of atom and ions of carbon, of other 
heavy elements and also due to rotational transitions of CO 
molecule and i t s isotopes are greatly modified in the presence 
of FIR from the dust in the adjacent HII regions. Therefore 
in the future, infra-red spectroscopy o f f e rs exciting prospects 
for direct and correct measurement of the abundance of the 
principal coolants. 
3 . R e l a t i v e importance of various heating and cooling 
mechanisms and temperature distribution: 
The thermal balance equation, 
H(nj^(Z), .Tg(Z) ) = A (nx (Z ) , T^Cz) ) 3-30 
i s solved numerically in a self-consistent way t i l l convergence 
i s achieved. The thermal structure of the cloud depends, of 
course, on some parameters involved in the various heating 
and cooling mechanisms, as we have discussed in the previous 
sections. The results of the calculations are summarised in 
Figures 3.6(a') to The heating and cooling rates are plotted 
on Figures 3-%) and 3.7(a) for ^ and on 3-^ ) and 3-7(b) for A^. 
The temperature distribution inside the cloud i s given in 
Figure 3*8 for the two d i f ferent ahundahces assiomed here, for 
= 1.0 and also for the UV background radiation f i e l d of J 
Habing (1968). 
The relat ive importance of the d i f ferent physical 
processes depends upon the assumed abundances as seen from 
Figures 3.6(a) to 3-7(b}. In the case of depleted abundahce 
(Fig.3.7(^)) the contribution of the photo-electron heating from 
the dust grain increases i n i t i a l l y up to a depth of 0.05 PC, 
then decreases because of the attenuation of UV radiation by 
dust i t s e l f , and becomes insignif icant after a depth of about 
0.3 pc. In the region <0.05 Pc the presence of a high 
posit ive charge on the grain, caused by the high f lux of 
radiation at the exposed surface and low electron density 
because of depletion, i s responsible for the reduction in the 
heating. The heating in this region is mainly by the H^ 
foimation on the grain which remains signif icant throughout 
the cloud. The photo-ionisation of heavy elements, especially 
that of carbon, contributes only to ^0fo of the total heating 
near O.3 pc and is negl ig ible before and. after this depth. 
In deeper layers of the cloud after 0.3 pc the heating 
i s due to chemical reactions, H2 formation on the grain, 
cosmic ray ionisation of E^ and gravitational collapse. The 
las t process is contributing negl igibly while cosmic ray 
ionisation becomes dominant followed by chemical reactions 
which in turn is mainly due to the reaction O+OH —> II + hy , 
0 i t s e l f being produced mainly by photo-dissociation of 
in the inter ior of the cloud. I t may be added that although 
suf f ic ient energy is deposited through photo-dissociation of 
H2 in the outer region as compared to various heating mechanism, 
yet i t s contribution to the total heating i s very small at a l l 
depths of the cloud. 
Figure 3.6(a) shows the d i f ferent heating mechanisms for 
solar abundance. The nature of the various mechajiisms remains 
almost the same as for Ap. A signif icant difference occurs in 
the outer region of the cloud where the cooling i s only due to 
the photo-electron emission from the grain and at the inter-
mediate depths (0.25 Z < pc) the cloud i s heated almost 
solely by the photo-ionisation of heavy elements, especially 
that of carbon. In the deeper layers of the cloud cosmic ray 
ionisation of H2 is the dominant process followed by the 
chemical reactions and H2 formation as before. The contribution 
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to the heating due to gravitational collapse and photo-
dissociation of H^ over the whole region i s negl igibly small. 
The carbon (IP = 11.256ev) and other heavy elements 
(IP < 1 3 . 6 ev) are in ionised form in the region adjacent to 
HII because of the high ul t rav io le t f lux from the central star 
of HII region while oxygen with IP = 13.61U- ev i s neutral. 
Therefore the cooling jn the outer region (adjacent to HII) i s 
due to the fine structure transitions of CII, Sil l^ Fel l and 
01 (see section 3.3.3). 
In the case of Ap, the contribution to the cooling due 
to Sj^II, Fe l l and 01 i s signif icant only up to the depth of 
. 0.15 pc. Their contribution decreases because of the low 
-T. ../T 
temperature, the factor e ^^  ® suppresses the cooling. But 
according to the Figure 3.7^3) the cloud is predominantly cooled 
by CII upto a depth of 0.25 PC. At the intermediate depth 
around 0.3 pc, the contribution to the cooling due to neutral 
carbon i s signif icant, otherv/ise at depths ^ or> O.3 pc i t s 
contribution f a l l s . 
The 2 —> 0 rotational transition of H2 with leve l spacing 
509 K may also contribute to the cooling at high temperature. 
I t i s shown here (Fig.3.^a)&(b)) f o r A^, when temperature i s 
>200 K, H2 molecules contributes by 10^ of the total cooling 
in a l imited region aroujid 0.1 pc. Before the depth < 0.1 pc 
the contribution i s small because of i t s low abundance anid at 
> 0.1 pc the cooling i s suppressed by the Boltzman factor . 
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The cooling bej^ ond O.3 pc i s mainly due rotational 
1 p 1 excitation of CO and to a less extent of '-'CO by col l is ion 
with Hg, because of high abundance and low excitation tempe-
rature of CO molecule as compared to CI CII. In deeper regions 
of the cloud the ratio of the cooling rates 
i s about 3*5 which is much lower than the adopted isotopic 
abundance of hO. This shows that photon trapping is important 
and opacity of high abundant molecule causes re lat ive ly less 
cooling than that due to the re lat ive ly low abundant molecule, 
A comparison of the cooling rates for solar and depleted 
abundance (see Figs.3.7(a') and 3• 7(b)) shows that the cooling from 
S i l l , Fel l and 01 i s dominant over others up to Z ^ 0.2pc for 
solar abundance in contrast to depleted one. However, at 
Z"^ 0.2—0.27 pc the main contribution to the total cooling 
due to C ion occurs, while at larger depth i t s contribution 
f a l l s . Neutral carbon i s also contributing in the neighbour-
hood of this region and i t s cooling decreases while remaining 
1 2 
signif icant up to a depth of 0.5 pc. Beyond 0.27 pc, CO i s 
the main coolant again fo r solar abundance and i t s isotope C^O 
contributes about 25% to the total cooling. The contribution 
of H2 is negligibly small for because of the low temperature, 
Tg ^150K, that causes an exponential reduction by the factor 
r 
The present calciilation i s an attempt to show that 
in the neighbourhood of HII region the electron temperature 
Tg i s not constant over the whole region as assumed by 
Dupree (197^), Hoang-Binh & Walmsley (197^), Rickard et al.(1977) 
and Pankonin et al.(1977) but i t is position-dependent inside 
the cloud. The temperature distribution for the cool and 
part ia l ly ionised hydrogen medium i s shown in Figure 3»'3 f o r 
n-^  = 10^ cm~^  as a function of cloud depth. Comparisons are 
made between the t>ro assumed elemental abundances for u l t rav io le t 
background radiation from the nearest hot stars and radiation 
f lux of Hobing (1968). The e f f e c t of far infra-red radiation 
from the dust grain at T = 60 K is also shown. 
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The following conclusions may be drawn from Figure 3 ,8 
and be explained as fol lows: 
i ) The temperature at the exposed surface of the cloud 
(adjacent to HII region) are very much di f ferent for A^ and Ag «v.o( ^ 
cttcompared to those obtained from UV f i e l d of Habing (1960). The 
temperature variation for A^^ i s ^ 265 K to ^ 11 K, whereas for 
solar abundance i t l i e s between v^  1^0 K to 10 K, when the 
high flux of radiation (equation 2.2) i s used. The difference 
between the temperatures for two UV f i e lds plotted here, in 
Figure 3 .8 occurs evidently due tp the difference in the 
amount of heating by the photo-electron emission from the surface 
of dust grains that dominates at the exposed surface. Although 
less heating results for Ajj than that for (see Fig.3.6(a) 
and 3.^(b)), yot the temperature derived for Aj^  i s high due to 
the diminished cooling rates by an order of magnitude; the 
main coolant CII and other heavy elements being depleted. In 
the case of Aq the cooling arises due to the f ine structure 
transitions of highly abxmdant 01, S i l l and Fel l (see Fig.3.7^)) 
thereby e f f ec t i ve ly decreasing the temperature. 
i i ) The temperatures for the two radiation f i e lds 
considered here merge to the same value for respective 
abundances in the inter ior region of the cloud. This is due to 
the fact that the heating in the interior part of the cloud 
i s independent of the radiation f i e l d (see F igs .3 .%) and 3.6(b)). 
i i i ) The temperature for A^ f a l l s rapidly and become 
less than that for Aq in the depth 0.2 < Z <0 .5 pc. As a 
matter of fact in this range the cloud i s predominantly heated 
by Photo-ionisation of heavy elements, other than carbon fo r 
the case of Aq. This high abundance increases the heating rate 
by an order of magnitude as compared to that f o r The cooling 
in this range i s either due to neutral carbon or i t s ion :(xnd 
molecule. These species are not depleted by a factor > 3. Thus 
cooling for Aq can be more at the most by a factor of 3 . 
Therefore thermal balance gives a high temperature for A^  in 
this rahge. 
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i v ) In the deeper region of the cloud the temperature 
for Aq i-s ^ ^^  K, again a sl ightly greater value than 10 K 
for Aq. This can also be understood in terms of cooling and 
heating rates. The inter ior part of the cloud is predomi-
nantly heated by the cosmic ray ionisation of H25 also 
signif icantly by H^ fonnation on the grain and chemical 
reaction. The f i r s t two mechanisms are independent while the 
third depends on the assumed abundances. Therefore the 
total heating due to these three mechanisms win.l be very 
slightl-y dependent on the abundances. Here the cooling is 
due to the CO molecule and i t s isotope that are depleted by 
the same factor as the carbon. Although the cooling for the 
Ap w i l l not be reduced by the factor of depletion because of 
photon-trapping but i t w i l l be sl ightly greater for Aq than 
that for Ap resulting in a s l ight ly higher temperature for 
solar abundance. 
v) From Figure 3*8 i t i s also clear that the tempe-
rature distribution in the deeper region (where the tempe-
rature is quite low) i s very much affected by the presence 
of FIR f i e l d . The temperature obtained with the inclusion 
of FIR i s greater by about 3 K, since the cooling i s reduced 
by several factors in the presence of FIR f i e l d . This fact i s 
discussed in detail ear l ier (section 3*^'2) and is also shown 
in Figures 3-2(a) to 
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The temperature distributions in the cool clouds for 
njj = 10^ cm""^  are also discussed by Pankonin & Walmsley(1976) 
for solar and depleted abundanceiof C,0 and Sj[ and by Brown 
et al. ( l978) for solar abundance only. The temperature 
distribution for the two assumed abundances as deduced by 
Pankonin & Walmsley (1976) are not s igni f icantly d i f ferent 
from each other in contrast to our calculation as carried out 
in this work. Besides, these workers have not considered 
the Fel l (26.2 p. ) emission and infra-red radiation from dust 
grains. I t may be noted here that for T^  > 100 K the transition 
of Fel l — contri-
buting signif icantly to the cooling according to our 
calculation. At low temperature, as discussed ear l ier 
(Figure 3.8), the cooling i s greatly modified in the presence 
* 
of FIR f i e l d from dust grains. 
I t should be also emphasised here that temperature at 
the exposed surface, where carbon i s mostly in ionic form, 
w i l l be increased farther with increase of n^ . f o r solar and. 
depleted abundances both. This can be seen from the 
comparison of the Figures 3.8 aJid those thermal structure 
given by Qaiyum and insari (1983a). 
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FIGUBE CAPTIONS 
Fig. 3.1 The grain potential (IT) and heating rate f o r grain 
(Hg) as a function of hydrogen numher density n^ 
at two values of = 1.0 and 10.0 fo r Solar( ) 
and depleted ( ) abundances. 
Fig.3.2 Total cooling per atom from the f ine structure 
transitions of the neutral carbon for X(CI)/dv/dr=10"\ 
•10"^, 10"^ and 10""^( (kmS"'' Pc"'^)"'') at kinetic 
temperatures , 
(a) 10 K, (b) 20 K, (c ) 100 K. 
Fig.2.3 Cooling per ion from the f ine structure transition 
of carnon ion f o r X(CII)/dv/dr = l O ' ^ 10"^, 10'^ 
7 1 1 1 and 10"^ ( (km S~ Pc ) " ) at kinetic temperatures. 
(a) kO K, (b) 100 K. 
Fig.3*^ Cooling from rotational transitions of CO 
(a) Reduced cooling rates for individual transitions 
at T^ = 20 K: Total cooling per CO for X(CO)/dv/dr = 
10"\ 10"^, 10"^ and lo"-^ ( (km s'"^  Pc"^)" ' ' ) at 
(b) 10K, (c) 20 K, (d) 100K. 
Fig.3»5 Calculated ratio of brightness temperatures of 2 — 1 
and 1 —> 0 transitions of ''^ CO at T^  = 20 K and 100 K. 
Fig.3*6. Variation of heating rates with cloud depth: 
Totai heating ( Photo-electron from grainC 
H2 formation ( —*—), dissociation ( ) , Photo-
ionisation of heavy elements (—0—), Chemical 
heating ( A ) , Gravitational collapse ( — • — ) , 
Cosmic ray ionisation (—X—) for abundances, 
(a) Solar, (h) Depleted. 
Fig.3.7. Variation of cooling rates f o r main cooling agents 
and their total as a function of cloud depth. 
Fig.3*8. Gass temperature distribution in the cloud for UV 
f i e l d of Habing (1968) ajid Qaiyum & Ansari (1979) 
and also the solar and depleted abundances. 
Without FIR (so l id l ine ) and with FIB (dotted l ines) . 
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CHAPTER - h 
Interpretation of Radio-Re combination Lines from 
Ionized Medium Ad.1 acent to_ IHI Regions 
Introduction 
The thermal properties and. physical conditions inside 
dense interste l lar clouds are known to be of fundamental 
importance, since these objects are beleived. to be the actual 
site of pro to-star formation and chemical evolution of complex 
molecules. Radio recombination l ines from ionised species 
o f f e r a direct method for investigation of the structure and 
physical conditions within various components of inters te l lar 
medium. Radio-frequency emission from part ia l ly ionised dense 
interste l lar media have been detected towards approximately 
f i f t e en galactic HII regions. Detailed observational studies of 
Carbon l ine emission have been carried out mainly from NGC 202^ 
Orion A (¥10) and v/3 (IC 1795) • These are also the 
sources which display recombination l ine feature attributed to 
an elemQnt(s) heavier than carbon. The data, are available over 
the frequency range 1 5GHz(n=75) to 0.6 GHz(n=220) (Dupree 197^ 1-, 
Rickard et al.1977, Pankonin et al.1977, Jaf fe and Pankonin 1978, 
and Pankonin 198O) . 
Since the original detection of carbon recombination 
l ine (Palmer 1967), various mechanisms and models have been 
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proposed to explain the l ine intensit ies of carbon, hydrogen 
and of other heavier elements, in order to characterize the 
emitting region. Dupree (197^) and Qaiym (1976) interpreted 
the observations of HGC202U- and W3 as a stimulated emission by-
continuum radiation from the nearest HII region. Hoang-Binh 
and Walmsley (197^) preferred the spontaneous emission model 
to explain the l ine intensit ies. Taking into account details 
of the observation of Orion A, Zuckerman and Ball (197^+) 
suggested the possibi l i ty of the eristence of both these 
mechanisms to some extent in most sources. Ahmad (I976i3) 
discussed in length two component model of Orion A. Packard 
et alo (1977), Pankonin et al . (1977), Jaf fe and Pankonin( 1978), 
Pankonin (I98O) and Qaiyiim and Ansari (1983a) set up two or 
more component models of NGC 202^V8and Orion A, to explain the 
observed intensities over the range of frequencies (0.6 GHz to 
1 5 GHz) . 
The present study i s also an attempt to explain the l ine 
intensit ies of carbon and other anomalous recombination l ines 
using two component model (Diagram 1) . The basic difference 
from the earl ier attempts of other thah us l i e^ in the 
following : 
i ) Thermal, chemical and charge balance equations are 
solved niomerically and iterated to deduce tlie thermal and 
ionisation structure in a self-consistent way, t i l l convergence 
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i s achieved. 
i i ) As discussed in the previous chapters, the cloud 
considered are not e lectr ica l ly homogeneous and isotheraial. 
Consequently^the l ine intensit ies are calculated Toy dividing 
the cloud(s) into equally thick isothermal and homogeneous 
thin slabs. 
i i i ) The stat ist ical equilibrium is set up to deduce the 
departure coe f f i c ient (b^) for a particular electron density 
n_, and temperature T. at each position. A best f i t of observed 
intensitj?" of recombination l ines of carbon is carried out by 
taking, as free and independent parameters, the hydrogen density, 
emission measure O O of the associated rlll region(s) and the 
cloud size, 
i v ) The continui®! radiation from the HIT regions, 3°K 
radiation and radiations from dust grains are tal^ en to be the . 
background radiation. 
+^•2 Stat ist ical Equilibrium 
The l ine strength and absolution coe f f ic ient of the gas 
depend c r i t i ca l l y on the relat ive populations of the atomic 
energy leve ls . In order to determine the population N^ of the 
excited state n, we work with the equation of s tat is t ica l 
equilibrium in a time independent form. The most important 
processes affecting the l eve l populations are ; 
92 
1. spontaneous transition to lower leve ls ^ ^ ^ A ) 
ij- in ^ i i T i j i i i " 
2. cascade from higher leve ls (jjj^j^ j^), 
3. Induced transitions by continuum radiation 
It. ool l islonal transitions (w^ , °n±n',n^' 
5. col l is ional ionisation and three body recombination 
6. radiative recombination (n^ n^  
7. redistribution of angular momentum by col l isions 
(i:^ + II (n,l ) —> E (n , l + 1) + 11"^ ). 
We expcct here the co l l is ion frequency high enough so 
that substantial redistribution of population among 1 states 
w i l l occur. The va l id i ty of this particular assumption has 
been discussed by Pengolly and Seaton (196^), Brocklehurst(l97l), 
and Seaton (198O). Hence i t i s reasonable to assume that N^^, 
the population of states nl , w i l l be related to the l eve l 
population K^ by i t s s tat is t ica l factor: 
= where Z . 
I 
9 3 
which maKes i t possible to solve for level population of level n. 
VJith the above assumptions, the equation of s tat is t ica l equilibrium 
for the population of leve l n, Nj^ Ccm'-^ ) i s written as 
^n 
r 
A (B ' I + C O - e - C . " 
m<n n ^ n,n_+n i, n,n+n n, i 
if.2 
m->n m^ ^n' W ^ V n l n ^njnU^ ^^ e^^ i^^  C - . 
The l e f t hand, side represents the depopulation and the right hand 
side the population of leve l n. 
I t i s convenient to introduce the departure coe f f i c i ent b^ ,^ 
defined as the ratio of the actual population l^ T^  to i t s value 
in local thermodynamic equilibrium N* : 
•X 
w 3 ^ 
where n / = n N. ^ e 
N ^  is the ion density and n^ the electron density, = I^^/kT^. 
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K„(2) = 
m 
A^  + Z. (B / 
n' y n J nj-n n, i 
V.6 
V 3 ) 
n ' n+n 
b ' "n+n e 
, n+n n 
w. n 
n^ 
QD 
= Z VL, m ~ n k T 
m > n+n n 
In the above equation \ ^^ "the Einstein coe f f ic ient for 
spontaneous transition between upper and lower leve l n respectively. 
_ 16 oC^ C 
3 f3 rra^ 
= 1-. 57x10 10 ^^ 
m^nCm -^n )^ 
sec"'' 
where g^ ^^  i s the Kramer Gaunt factor given by SuiTimers(1969) as 
where 
= 1-0 - \ ('^lOl Ta Gg T3 G3) 
G, = (0.203 . ^ , 
^2 = 0.170 m + 0.18 
G, = (O.221V+ ^ ) 
^.10 
m' m 
m 
T^  = (2n-m) ( n-m+1) 
T2 = (n-1) (rr.-n-l) 
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T^ = (2n-m-0.001) (n-0.999) 
rp _ _ J 1 / m-1 V 
^ " (m-1.999)2 ' 
The Einstein coef f ic ient B is 
8 h -1 
B = A ( 
2 / 3 
The frequency of transition m —> n, „ = v. ^ ) m,n n ^^ ^^ 
For n » 1 and |m-n| n i t is approximated as 
= , An = •( ra-n| lf.12 
The l ines are referred as n n and n . . . . for An=1,2,3 
o( 1 ^ Tf 
For the clouds in question the radiation density for 
thermal radiation f i e l d at frequency y is obtained from equation 
of transfer, to give 
S T T h l ^ hV/kTr - 1 - T ( H I I ) 
^ C 
Wy is the dilution factor taken to be equal to 0.5, since the 
medium in question is very close to HIl region, ZI^  (HIl ) is the 
optical depth of the thermal radiation source HII at temperature T , 
S ^ 
T = 
V 
/ 
K ds 
V 
o 
9 6 
where S i s the path length through the medi-um. The optical depth 
t i s determined from the temperature T„ and emission measure E_ 
(pc cm" ) of the HII region, where the radiation i s originated. 
I t i s taJcen as (Salem 1975): 
^ -7/3 -3/2 
T = lf.6^ E^ V ^r V r X 
r .Oif7993WT3 
e - 1 
where U i s in GH^  and 
V = 0.6529 + I logV - log T^ 
-1.121+9V + 0.3788 for v ^ -2.6 
log I ( v ) = - 1 . 2 3 2 6 Y + 0.0987 for - 2 . 6 < v ^ - 0 . 2 5 
-1.08^2v + 0.1359 for V >-0.25 
The col l is ional ionisation rate i s taken from Seaton (196V) 
- X n 
172 if.l6 
and this rate is related to three body recombination rate C^  „ 1 ,n 
by detailed balance CLs 
* I+.17 
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The radiative recombination coe f f i c ient i s given by 
Seaton (1959) 
= 2.06x1011 ' - f r W Sn 
" e 
where 
= n^ and function \ S^ ( ) has been 
calculated and tabulated by Seaton (1959)' 
We use de-excitation rates of Gee et al. ( l976) which are 
accurate over a wide range of energies, including particularly 
the d i f f i c u l t low-energy region. The cascade term 
2 ^^  m^ . ^ . " 
m > n+n' 
Above N we use b^^^  = 1 and use the relation obtained by integral 
(Seaton 196^, v i z . , 
OD X - la 
r . e "" A "" - ZiSTrm^ g-
m = N+1 0 -
V In (1- ^ 5 ) 
To f ind bj^  factor for a particular l eve l n, we calculate 
s 
contributions from n' = hO ±.e . n ± hO leve ls . We use the 
formalism of Brocklehurst and Salem (1977), that is of matrix 
condensation method with l i t t l e modification to include the 
e f f e c t of infra-red radiations from dust grains of associated 
HII regions. 
Departing from Rickard et al . ( l977) and Pankonin et al . 
(1977), the electron density n^, and temperature T^, as 
discussed in ear l ier two chapters, are used as a function of 
the position Z and n^ i s taken as the sum of al l ionised species 
of atoms and molecules; n (Z)= Z n„(Z) + Z n^ * (Z ) . Further 
X ^ X molecules 
b^ factor i s calculated at each position Z of the cloud. 
1+.3 Brightness Temperature 
The intensity of radiation along a l ine of sight through 
the medium is governed by the equation of transfer 
= - K., I + J. , ^.21 dZ ^ ~ ' V ^ 
where J^ and K^ are the emission and absorption coef f ic ients 
for the l ine and the continuim. The emergent intensity in the 
absence of background radiation along a particular l ine of 
sight can be written as (Brocklehurst and Seaton 1972): 
S r c - t^ (Z)j 
= J J e ( f o r the continuum) If.22 
o ^ 
a n d 
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j i - . 1° = 
V V 
S 
r u S J^ ) e 
(z) 
dZ 
o 
( f o r the l ine [>lus continu-um) U-.23 
where S i s the distance along the l ine of sight measured from 
the farthest part of "the cloud to the observer. Here, and 
T G L are the continuum and l ine emissivit ies, t^ (Z) and f^ (Z) 
are the continuum and l ine optical depths, ^ i s the total 
V Q 
continuum and l ine optical depth over the whole cloud , i s 
the total continuum optical depth. 
In the presence of background radiation, the l ine plus 
continuum intensity may be written as : 
V V 
f ^ , - r . t^ , ( z ) . t t ( z ) 
) (J^ ^ J^ ^ ) e az - / e \ (2, 
o o p 
h.2h 
Here i s the background intensity. A similar term of 
Q 
attenuated background radiation w i l l appear in , 
The l ine intensity along a particular l ine of sight in 
the presence of background radiation may be written in the form. 
S 
I ( j^ 
ti; 
dZ + I 
S .C - Tiy C 
O - ® 
o o 
/ 
^C .C 
- + ^ C 
- 1, 
- ty - Zd 
3 K . . dZ U-.25 
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Here K^ i s the continuum absorption coe f f i c ient and K^ i s 
the total continuum plus l ine absorption coe f f i c ient . For the 
transition m —> n the l ine coe f f ic ients are given by 
(Brocklehurst and Seaton 1972) . 
cP 
^ TT 'n, ra 
and 
C" N, n 3 
K = WTT^ 
Where ^ is the l ine p ro f i l e . ' XI ^  III 
These equations may be written as 
Hn An,n 
cP 
n,m 
J^ = h v b , N* ^ b jL ^ m m H-^ r /n,m m u 
and 
h,26 
27 
h.28 
V 8nv 2-^n 
1 -
m 
n 
-h ^ /kT, 
^ iL cP = b RK^ li-.29 
(1 - e 
-hV/KT^ 
Here p === "hv/k f 
(1 - e 
If. 30 
* 
L whence K = n^ N. —-pr V e 1 mC 
h' 
2nra kT, 
3/2 p \/kT 
) n^ e ® 
X (1 - e 
- hV/kT 
) f. n.m (P ^-31 n,in 
1 0 1 
The osc i l lator strength f ^ for n » 1 and 4 n = /m-n/ n 
n ^ in 
i s given by (Menzel 1968) as ; 
f . n,m 
n = K (4 n) 
. , J . 1 k -
^ + 2 n + >2 
Where K (1) = 0.1908, K(2) = 0.026 33 , K(3) = 0.00810, 
Here the l ine pro f i l e is determined by Doppler broadening only 
and expression +^.31 i s simplif ied to 
*L f - 5 / 2 - 1 '^n 
K„ = 1.01x10^ Z^ ^ n T^ e n^ N. If.33 y n c jj e 1 
^ ^ ( i n KH„) i s the l ine width at half maximum intensity. Jj z 
The expression for continuiim absorption coe f f i c i ent is 
the same as defined in equation ^f.l^f and The emissivit ies 
are related to the absorption coe f f i c i ent as: 
•L * 
= B KJ; if-sit 
= S 
where the Plank-function B = ( e^ ^ /^ "^ e - i ) 
C? 
Substituting for the various l ine coef f ic ients as given above 
and applying Rayleigh-Jean-a approximation under non-LTE 
condition, we obtain for the l ine brightness temperature from 
If. 25: 
1&2 
- r 
V 
Tt = e Lb 
t^ + t£ 
e dZ + T 
S 
r - t 
o 
V ,rC 
o 
K- dZ 
- T, 
o 
^ 1 r ^ - t i - 1 V 
dZ - e 
c s 
T^ K^ e ^ dZ 
o ® 
I 
Here on 
1 + b^ KJ/KC m v' v 
1 ^ 
V.36 
and T^ i s the background continuiim temperature. 
I f the distance i s measured along the l ine of sight from 
the closest part of the cloud to the observer then 
- r .c s 
dZ + Tq e K^ e ^ dZ 
u 
k.37 
s 
I I? K^ ) e 
o 
ty + 
dZ - Te e dZ 
o 
h V For << 1 , If.30 goes into 
P 
m 
b 1 -n 
i A . 
h V ( 1 - t^l m J if. 38 
1 0 3 
The expressions ^.35 and +^.37 reduces to the sajne form as 
given by Dupree (197^), Hoang-Binh and Walmsley (197^), and 
Rickard et al . (1977), for isothermal, homogeneous and 
optical ly thin cloud. For the foreground part of the cloud 
the continuum temperature i s that of HII while for "background 
part i t i s taken to be 2.7 K, 
The theoretically predicted br i^tness temperatures 
discussed so far are true only to for ah in f in i t e l y small solid 
» 
angle d -A. , However ov;ing to the f i n i t e angular resolution 
of a radio telescope, an integrated value of l ine temperature 
over the antenna solid angle i s always observed. Therefore, 
in order to use the theoretical relations developed above, we 
must relate Tj^ ^ to the observed l ine temperature T ^ . I f we 
define the main beam ef f ic iency, f (.H. ) the main beam 
power pattern, Tj^  ( - 0 . ) the actual brightness temperature 
distribution of the l ine emission, and the main beam sol id 
angle then : ( Churchwell 1970, Qaiyum 1976) 
T. 
'3 B -He 
The main besjn solid angle i s defined by 
T^ ( - a ) f ( J l ) d-Q. 5+.39 
i l = \ f( J l ) d-O. k.UO 
B 3 
main 
beam 
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This f l ^ i s propotional to the product of half power width 
(HPW) Og and ©^^ of the e lectr ic and magnetic planes of the 
main "beam respectively. The actual source sol id angle can be 
given by : 
Tj. ( i l ) d - a l fA l 
= T S L Source 
Where T^^ i s the maximum value of the brightness temperature 
distribution Tj^  iSl). The e f f ec t i ve source sol id angle i s 
= ^ T^ (J1 ) f (-Q ) d-H. lf.1+2 
source 
Combining the expressions ^.39 and we get 
/ 
T -O-
B 
/ 
As discussed ear l ier the v a l u e of depends 
upon the type of beam used. 
For -q » 
and « X g^^  S 
"Lb ""L 
-A. 
T t v = T, — ^ 
B 
m 
The ratio of beam width and angular diameter is considered 
here as the function of beam v/idth af ter Panagia and Walmsley 
(1978) . In the calculation of l ine intensit ies the angular 
diameter of the cloud i s varied to f i t the observations. 
Characteristics of the carbon emitting region 
I t i s particularly d i f f i c u l t to deduce accurate physical 
parameters of the CII region from the l ine observations,because 
the l ine emission depends upon a number of factors, several of 
which are external to the CII region i t s e l f . Not only the 
geometry and the distribution of CII i s important, but i t s 
location relat ive to the HII region and the spectral type of 
the exciting star also play important roles in the . 
ionisation structure and thermal equilibrium in CII region. 
The data of variable quality are available over the 
frequency range O.6GH2 (n=220) to 15 GH^  (n=75) for NGC2021+, 
W3 and Orion A. We believe that data are not presently complete 
enough to support a very detailed model of CII region. Dupree 
(197^) and Hoang Binh (197^) have tried to f i t the observations 
by ^ considering a single component cloud. On the contrary the 
observations have shown that CII regions appear to be rather 
complex structure and a single model with a single set of 
physical parameters and a simple geometry i s mot suf f ic ient 
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to interpret the Cl l - l ines. Ahmad (1976b), Rickard et al . ( l977) 
aJid Pankonin et al . ( l977) have argued, on the basis of 
systematic difference in the ve loc i t ies of C-lines between 
high frequency ( > 2.7 GH2) and low frequency ( <1.7 GH )^, that 
emitting regions for these two ranges of frequencies are 
d i f ferent . According to them ve loc i ty sh i f t ^Yj^^^ in the case 
of NGC 202^ is 1.0 to 1.5 km/sec. For W3, where scatter in the 
measured value i s larger than that of NGC 202^, the sh i f t i s 
0.5 to 1.5 km/sec. The velocity sh i f t f o r Orion A i s the 
largest, about 3 km/sec. The frequency dependence of the 
velocity of carbon l ines i s probably the most straight forward 
argument that d i f ferent volumes of gas dominate the emission 
at d i f ferent frequencies. 
Inspite of the insuf f ic ient data available presently the 
follovdng information can be extracted from the recombination 
l ines data. 
i ) We establish for the CXI clouds the raxige of hydrogen 
density that in turn gives the range of electron temperature 
and electron density. 
i i ) We determine the dominant processes for the l ine 
formation — stimulated or spontaneous emission. 
i i i ) We determine the spatial extent of CXI regions and 
distribution l ine intensit ies therein, re lat ive to the HXI 
regions. 
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In this work we have tried to f i t the observations 
over the whole range of observed frequency spectnam 0.6 GH^  
to 15 two component model: one behind and the other 
in front of HII region, see diagram 1. Each component of the 
model i s characterized by three parameters, namely; (1) angular 
size 0g, (2) hydrogen density n^ that gives the range of 
electron temperature and electron density after solving for 
thermal and ionization equilibrium as mentioned in chapter 2 
and 3» and (3) emission measure E^ of the continuum of the 
associated HII region that determines the location of CII regions 
relative to HII regions. The parameters deduced from the best 
f i t for each component d i f f e r f o r d i f ferent abundances. 
Having obtained several sets of values (0g, njj, E^) for 
each source model and also for each abundance, we calculate 
(n^^ ) in °K Sterad km/sec, for each observed n^ ^ 
transition in order to compare with observations. We varied 
independently the model parameters to obtain a best f i t to the 
observed l ines. The observational values are converted to 
the above assumed form, using the telescope beam width and 
effeciency (discussed in the previous section). The observed 
results include the data from the telescopes of NEAO (iMDft), 
Hystack observatory (120ft ) , Jodrell Bank Mark I (250ft) and 
MPIfRdOO m) . The observational errors considered are mostly 
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of 3crlimits. The observed values f o r d i f ferent transitions 
are given in Tablei (V.1 a -
The calculated and observed values f o r each source and 
also for both the abundances are plotted separately, Figures 
to ^.Sbl. I t i s clear from these figures that over the 
whole observed frequency spectrum the agreement between theory 
and observations i s quite good for NGC 202V but not so good 
fo r W3 and Orion A. There are some scattered points f o r W3 
and Orion A. But majority of the observational values are close 
to the theoretical values within the error-range. The best f i t 
obtained for depleted and solar abundances have approximately 
the same degree of agreement. Therefore on the basis of these 
calculations we can not conclude in favour of either abundance. 
Our calculation shows also that high frequency ( > 2.7 GH )^ 
radiations are predominantly emitted through spontaneous 
transitions from the component behind the HII regions, see also 
Rickard et al.(1977). The background component of the model 
contributes, f o r instance 0^% to the total intensity for 
076(5^ and C l ines. I t s share decreases with frequency and 
for ^ ^ 2.7 foreground component dominates over the 
component behind the HII region. For low frequencies, the 
emission is due to stimulation frcm background radiation and i s 
from the foreground volume of the gas. 
* NRAO = National Radio Astronomy Observatery, U.S.A. 
MPIfR = Max-Plank-Ins t i tut fur Radio as tronomie, West Germany 
Hystack Observatory, U.S.A. 
Jodrell BaPk Mark I , U.K. 
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The set of parameters, that characterizes "best f i t s 
for each source model, are given in Table V.5. The source 
sizes obtained from the observations belong mostly to high 
frequency group. At low frequency, the cloud size may not be 
accurately determined due to dominance of stimulated emission 
from background radiation. The observed source size at higher 
frequencies f o r NGC 202^ are 3 . 3 ' (Macleod et al.1975,CS^^x" ) , 
3.'6 (Wilson et al . 1975, C ) , 3-'6 (Packard et al.C76o<') 
and > 1 . 5 (Chaisson 1973, C ) . Thus, apparent observed 
source size ( ^ 3*^ ) i s very close to the f i t t ed source size 
(3*2 and 2.t-), of the background component, obtained by us 
for solar and depleted abundances respectively. 
I 
The angular extension reported fo r W3 are < V.1+ (c i ted 
by Rickard et al . 1977 for C 85 ^ ) and 3'±2' (Wilson et al.1975 I 
for C These values are very close to the size (3*5) 
deduced for depleted abundance. A detailed mapping of Orion A 
by Balick et al . (197^) gives a source sizer-s! This i s also 
close to our theoretically derived value. (7 .3 ) . 
The hydrogen density n^ j obtained for a l l the clouds of 
interest l i e s in the range 2x10^ — ^xlO^ cm"^ fo r solar and 
5x10^ — 2x10^ cm~^  for depleted abundance. For background 
component n j^ i s in general greater than that of the foreground 
component. For background sources, the most suitable dilution 
factor i s found to be the same as f o r continuum of HII region. 
l iO 
which is approximately unity. This shows that background 
components are aligned with the peak emission of HII regions. 
The dilution factor for foreground component i s approximately 
unity for NGC 202V, <10.1 for Orion A and in "between these two 
values for W3. This i s probably due to the reason that the 
foreground component i s s l ight ly shifted o f f the peak emission 
of HII region. This fac t i s observed fo r Orion A (Balick et a l . 
197^). 
The cloud considered here are non-isothermal and e lec t r i ca l l y 
inhomogeneous. The temperature structure i s shown in Figure 3 . 8 
f o r njj = lo'^ cm~^  and, see also, Qaiyum and Ansari(1983a) . The 
temperature variations are axid ^  2^0 K to v^  11 K 
for solar and depleted abundances respectively. See Figures 2.1(a) 
and 2.l(b"^for n^ variation: to ^ 2.0 cm"^ and->2.0 to-0.5 
cm""^  for the two abundances respectively. 
A more straight forward method of distinguishing between 
/ 
stimulated and spontaneous emission i s to observe n^ and 
transitions which occur at nearly the same frequency. This has 
the observational advantage of carrying a large range of quantum 
levels witl^g^elescope of constant beam size; the l ine ratio 
becomes also independent of the source s ize. The observational 
t 
disadvantage i s that n^ l ines are weak as compared to n^ ^ l ines . 
Since they are emitted at nearly the same frequency, they originate 
from the same volume of the gas thus the l ine intensity ratio 
I l l 
I(nQ( )/ Kn^ ) i s independent of the source size and the beam 
•width of the telescope, and therefore i t i s easy to calculate the 
ratio and to compare with the observations. We have l i s t ed in 
Table the observed and calculated ratios of C(no^  )/C(n^ ) 
fo r NGC 2021+j W3 and Orion A. The calculated o( and ^ l ine 
intensities come out to be in good agreement with the observed 
values. 
As discussed ear l ier the l ines at high frequency are due 
to background component. Therefore, the intensity ratio of o( and ^ 
l ines at the sajne frequency, for high frequency group are, 
independent of the continuiim of HII regions. However, the large 
ratio at low frequency can not be explained without stimulated 
emission from the continuum of HII regions. Moreover, for the low 
ratio at high frequency, no stimulated emission is required fo r 
agreement with the observed values. Thus l ine ratios also favour 
evidently two component model. We have also found that the 
background clouds (emitting high frequency l ines of carbon) are 
denser than the foreground component from where low frequency of 
carbon are observed. This conclusion i s also corraborated by 
the following: 
The column densities of OH and H2CO are found to be smaller 
for high density as compared to low density clouds (Table 2.8) . 
Therefore, molecular l ine intensities from low density component 
w i l l dominate over that of high density. This in turn supports 
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the fact that l ines of OH and HgCO are emitted from the low 
density component ( i . e . foreground), the velocity Y^  also LSK 
correlating with the low frequency carbon emissions. Another 
significant^is that the observed frequencies of OH and H^ CO 
are in the range 1 — 10 GH^  in which the continuum radiation 
of HII region i s signif icant and may alter the l ine tempe-
ratures of these molecules. Further, the calculated column 
densities of CO molecule i s approximately independent of n j^. 
Therefore^both the components (low and high density) may 
contribute equally to the observed results, i f not well resolved. 
Thus i t is clear that the radial ve loci ty may l i e in between 
the low and h i ^ frequency group which i s borne out by ' 
observations (Pankonin et al. l977). We may add that according 
to Zuckerman and Ball (197^) HON abd CS may be abundant enough 
in high density region and therefore the radial ve loc i t ies 
are close to that of h i ^ frequency emission of carbon. Thus 
we see that radial ve loc i t ies of molecular l ine emitting regions 
also favour two or more component model and also show that 
molecular, carbon, neutral hydrogen and heavy l ine emitting 
regions are associated with each other. 
SII-Region 
The most extensively studied carbon l ine emitting regions 
are NGC 202^, W3 and Orion A. Lines from some heavy element 
1 1 3 
other than carbon are also observed from these sources. The 
following facts have "been observed for l ine of an unknown 
heavy element(s). First , the observed l ine width for the 
element X is less than the carbon l ine width. Second, the 
velocity separation (C-X) l i e s between 8 and 9 in 
most of the cases (Chaisson et al.l972, Chaisson 197^, Pedlar . 
and Hart 197^ Wilson et al.l975 and Pankonin et al . l977). 
The mOst abundant elements other than carbon having 
ionisation potential less than 13.6 ev are Mg, Si, S and Fe. 
o 
These elements may be singly ionised by the radiation . 
Theoretically a blend emission from the elements would result 
in a broader l ine that that of carbon. The velocity separation 
Mg, Si, S and Fe with carbon are 6.9^, 7.78, 8^8 ajnd ir;.77km sec""" 
respectively. On the basis of these theoretical values and 
above mentioned observations Pankonin et al. (1977) argued 
that X-line i s not a blend emission from al l the above-
mentioned elements but i t appears to be from a single element 
that may be ident i f i ed as S. 
Further, the assumption that carbon and heavy element 
l ine emitting regions are identical leads to the temperature 
of the emitting reg ion^ UOOO K (Pankonin et al . 1977) . However, 
the theoretically deduced temperature from thermal balance 
for the density range obtained from the best f i t of the carbon 
lines are at least smaller by an order of magnitude than that 
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mentioned above, (Qaiyum and Ansaxi 1983a). I t should be 
emphasized further that temperature ^ UOOO K can not be 
explained with the known heating and cooling mechanisms. 
Besides, the stromgren radius of carbon i s less than that of 
other heavy elements (Figures 2.1a and 2.1b). As a conse-
quence, assumption of co-spatial ity does not hold. 
The normalized brightness temperature T^^ are plotted 
against the cloud depth (Z) for carbon and sulfur at 1 and 
10 . 5 GH2 in Figure ^4-.!+. From this f igure we infer the 
following: 
i ) The l ine intensity i s not equally distributed over 
the whole region. 
i i ) The structure of l ine temperature for 1 and 10.5 GH„ 
vary. Thus, derived values of AVj^gj^(C-S) may also be s l ight ly 
di f ferent f o r d i f ferent l ines. This has been observed by 
Pankonin et al.(1977). 
i i i ) There is only a sl ight difference in intensity 
distribution for solar and depleted abundance«i. This small change 
i s occuring due to the difference in the electron density 
structure obtained by the ionisation of heavy elements and 
temperature structure for these two abundances. 
i v ) C- and S-regions are not completely co-spatial. 
v) The contribution to the C-lines comes mainly fiom 
the hot regions of the cl^ -oud especially from the inner edge 
of the Stromgren sphere of carbon. 
I I D 
v l ) The l ine temperature of S i s well spread over the 
depth of 0.5 Pc. But the main contribution to the intensity-
is from the regions sl ight ly away from the boundary of the 
Stromgren sphere of carbon. Therefore, the properties deduced 
from the S-lines w i l l be closer to that obtained from molecular 
l ines. 
v i i ) Three d i f ferent regions are apparently contributing 
to the l ine intensity of S. F i rst ly , the outer most region 
e-f 
(close to HII region) where ionisation^hydrogen i s contributing 
signi f icantly to the total electron density. Secondly, the 
inner edge of the carbon region where carbon i s suf f ic ient ly 
ionised to y i e ld enough n^, but in which the temperature f a l l s 
rapidly and consequently the l ine intensity increases by a 
factor Tg''*^. Thirdly, the inner cool region where the 
temperature i s rather low v- 20 K (Qaiyum and Ansari 1983a) . 
v i i i ) The intensity ratio of C and S l ines can not be 
equated with the emission measure (EM) or abundance rat io. 
They wi l l be equal only when the l ine emitting regions are 
identical ly the same. When the M i s equated with the l ine rat io, 
i t turns out that the intensity ratio is underestimated by a 
factor 2-3. 
The ratio of l ine- intensit ies of C and s f o r n^ transitions 
are also plotted in Figure as a function of principal 
quantum number n for EM=10^  and 10^ (PC cm"^) of the associated 
HII region. I t i s evident from the f igure that the ratio 
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1(3 ) / I (C ) depends upon the frequency'of the n^ ^ 
cK 
transition. For high frequency i.e. low n^ the ratio is small 
and i t increases with the increase of n (decrease of frequency). 
From this f igure i t can be argued that low frequency transitions 
of S should have enough intensity to be observed, while high 
frequency transitions because of their low intensity may or 
may not be observed. Though most of the observed l ines belong 
to low frequency group, yet some l ines from high frequency 
group have also been observed. We think that detailed obser-
vational studies are needed to establish the frequency 
dependence of the l ine intensities of heavy elements especially 
of low frequency group. I t should be further mentioned here 
that the ratio in question depends also upon the emission 
measure of the continuum of HI I region. The ratio may increase 
or decrease as EM is increased. This dependence actually comes 
through the ^ factor (equation ^+.38) that i s sensitive to the 
electron density. 
A detailed calculation for the l ine intensity C, Mg, Si, 
S and Fe have been carried out by us and their ratios are 
compared with the observations in Table One may note; 
i ) The tabulated ratio Tj^iX) AV^ (x )/ 1^(0 for ax^ 
element X and for any l ine i s greater than the abundance ratio 
of Mg., Si, S and Fe to C for either abundance. 
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i i ) The "blend emission gives a ratio greater than 
the observed value by di f ferent factors for di f ferent l ines . 
i i i ) The ratio increases with the decrease of frequency, 
because of the importance of background radiation, that enters 
through A factor, in the low temperature and low electron 
rt3ror> 
density/from where the heavy elements are contributing to the 
l ine intensit ies. 
i v ) Whereas in the case of NGC 202^ the ratio I (S )/I (C) 
for solar abundance i s closer to the observed one than that 
for depleted abundance, the opposite i s the case for Orion A 
and W3. However ttiis i s also possible that element S and C are 
both depleted by the same factor in the case of NGC 202^ and 
therefore the calculated ratio f o r the solar abundance v/ill be 
closer to the observed one. 
The ident i f icat ion of S as the heavy element emitter 
i s consistent with the general feature of heavy element 
depletion obtained for "^Oph and '^SCO. These observations 
show also that elements other than carbon and sulfur are 
depleted by an order of magnitude (Morton 197^, York 197^) 
due to which other elements are not contributing to the total 
l ine intensity. 
1+.6 Region 
The narrow hydrogen recombination l ines from cool and 
part ia l ly ionised medium (hereafter denoted as are observed 
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towards NGC 202h, W3 and Orion A (Ball et al.1970, Chaisson 
1972, Chaisson and Goad 1972, Chaisson and Lada 197^ and 
Pankonin et al.1977). These l ines have been found blended with 
the emission from HII region. The tv/o gaussian decomposition 
of the observed pro f i l e y ie ld consistent data for NGC 202U-
and W3 "but not for Orion A. Therefore, the la t ter i s not 
included in Table Further, angular size of regions 
are not available, because the observations have generally 
been confined to low frequency measurements, where stimulated 
emission from the background radiation dominates. 
The narrow hydrogen recombination l ines have generally 
been studied towards NGC 202^ +. The data f o ro ( and g l ines at 
the same frequency are available, nnd the ratio H 157^ /H 197^ 
> 7 i s close to the observed ratio v-,9 for carbon l ine at 
the same frequency. This observation indicates that physical 
condition of and CII region are approximately same. The 
velocity difference (C-H) 0.5 are also observed for 
both the clouds W3 and NGC 202^. I t can therefore be concluded 
that spatial extent of CII and H° region are sl ightly d i f ferent 
(Pankonin et al.1977). This conclusion i s corroborated by the 
following consideration. 
The ionisation of hydrogen through chlorine chemistry 
in the presence of UV f lux from embedded hot star i s discussed 
in detail in Chapter 2(see also Qaiyum and Ansari 1979?1983a). 
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I t i s clear from the Figure 2.2 and Diagram 1 that and 
CII region do not coincide exactly but they have some region 
in common and the former i s s l ight ly shifted towards the HII 
region. Thus theoretically also i t turns out that the 
physical conditions of H° and CII regions are nearly the same. 
The observed and our calculated intensity ratios of 
hydrogen and carbon at the same frequencies are given in 
Table if.V for NGC 202^ and W3. Al l the l ines under consider-
ation belong almost to the low frequency group ( ^ 2.7 GH^), 
which arises due to the stimulated emission from the foreground 
cloud. I t i s found that observed ratios f a i r l y agree with the 
theoretical ratios for depleted abundance. I t may be mentioned 
here that i f observed l ines remain blended even af ter two 
gaussinn decomposition, then their actual ratio w i l l be 
probably closer to the theoretical results for solar abundance 
thgn the depleted one. Therefore one can not conclude from 
this table speci f ical ly that depleted abundance is the more 
favoured one. The detailed observational studies are required 
for l ines to derive the physical conditions and abundances 
of heavy elements. 
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Table k,2 
Comparison of ratio of intensi t ies of o^  and fi l ines of carbon 
Source Lines Observed values 
( r e f . ) 
Calculated 
Solar 
abundance 
Depleted 
abundance 
NGC 202^ I09o(/137^ 
157<^/197^ 
2.8(1) 
9 . 8 ( 2 ) 
2.1 
3.0 
( 3 . 3 , r e f . 2 ) 
9 . 1 
(7 .0 , re f .2 ) 
3.0 
8 . 9 
Orion A 
85^/107^ 
1 0 9 ^ / 1 3 7 ^ 
166o(/211 (h 
2.9(3) 
-3 to h-ih) 
- 6 ( 5 ) 
2.3 
3.0 
5 . 9 
3 . 1 
3.5 
5 . 8 
W3 
8 5 O ( / 1 0 7 ^ 
1 0 9 /137^ 
l 5 8 o < / l 9 9 f 
3 (2) 
7 . 3 ( 2 ) 
2 . 8 
3 A 
7.3 
3 . 1 
3.5 
7.3 
Reference: 1. Oesarsky (1971), 2. Pankonin et al . (1977), 
3. toad (1976a), Palmer( 1 9 6 8 ) , 5. Simpson ( 1 9 7 0 ) 
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Table If. h 
Comparison of l ine intensit ies of carbon and "naxrow" hydrogen. 
Source Transition Observed 
( r e f . ) 
Calculated 
Solar Depleted 
NGC 202if 
9lt.o< 
IS^of 
166 
.90(6) 
.80(1) 
.67(2)1 
.58(2)-, 
.80(3)J 
.32 
.31 
.31 
.31 
.61f 
.62 
.62 
.62 
W3 
166 o( 
.60(1) 
.76(2) 
1.2(2) 1 
1.33(3)-' 
.30 
.28 
.28 
.28 
.61 
.60 
.60 
.60 
1. T. Wilson et al.(1975), 2. Pankonin et al . (1977), 
3. Pedlar & Hart (197U-) , if. Ball et al. (1970), 
5. Chaisson (1972), 6. Chaisson (1971). 
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Table h, 5 
Best f i t model Parazneters derived from carbon Intensit ies 
Source Position Solar abundance Depleted abundance 
"H angu-lar 
size 
Depth 
L 
Cpc) 
E.M.of 
H I I 
region 
"H angu-l a r 
size 
Depth 
L 
(pc) 
E.M.of 
H I I 
region 
NGC202V 
Background 
Foreground 6x10^ 
3.2 
1.73 
.027 
,0h2 
8x10^ 
8x10^ 
2x10^ 
5x10^ 
.0015 
.007 8x10^ 
Background 3.2 .Oh 2x10*^  2.5x10^ 7.3 .001 2x10^ 
Orion A 
Foreground 2x10^ 6.15 .23 10^ 5x1 o"^  6.5 .096 10^ 
Background 1.1 .006 10^ 2.5x10^ 3.5 .001 2x10^ 
W3 
Foreground 5x10^ .088 5x10^ 2x10^ 3.8 .021 10^ 
log,Q[nAVTLt,(Kstcrad Km/Sec)' 
IQ 
log^Q(]aAVTL^(Ksterad Km/Sccfl 
stcrad Km/Scc)] 
JogtoB^ '''Lb AV(KSt«rad Km/Scc)] 
log^Q|AAVTL5(K sUrad Km/Sec)]. 
21 
ip" 
JN 
U) ( i 
t J t r> : 
n AVI j^ k.CK S t c r a c ! Hm/Sccj^ -
I 
<?> T 
1 cn r-
i 
) 
rsj 
-J 
- i . 
2 .3 
Cloud Depth Z ( p c ) -

FIGURE CAPTIONS 
F igA.1 . Comparison for observed brightness of o( l ines of 
carbon for NGC 202^, in units of the product of the 
l ine width in km/sec and source size in steradian, 
with theoretical results (a) for solar abundance 
(b) for depleted abundance. 
Fig.^.2. Comparison of observed brightness of oi - l ines of 
carbon for Orion A, in units of the product of the 
l ine width in km/sec and source size in Steradian, 
with the theoretical results for (a) solar abundance 
(b) depleted abundance, 
Fig.5+.3. Comparison of observed brightness of o( l ines of 
carbon fo r W3, in units of the product of the l ine 
width in km/sec and source size in Steradian, with 
the theoretical results (a) fo r solar abundance 
(b) for depleted abundances 
Fig.^.^. Variation of l ine brightness temperature (Tj^^) as a 
function of position in the cloud for solar and 
depleted abundances of C(carbon) and S (sulfur) at 
1 GH^  and 10.5 GH^ * 
Fig.i+.5« Variation of l ine intensity ratio of S to C as a 
function o( transitions (n^ ) fo r solar and depleted 
abundances and two assumed emission measures (10'^  and 
10^ Pc cm~ )^ of H I I region. 
129 
CHAPTER 5 
SUMMARY AND CONCLUSION 
During the last decade the physics of formation and 
transfer of radio-recombination l ines in cold gas has been 
thoroughly described and many troublesome problems have been 
solved. But detailed theoretical attempts were not made f o r 
cool region to explain the high ionisation rate of hydrogen. 
The rate i s calculated here using reaction of Cl I I with Hg? and 
we also establish here a relationship between the regions 
emitting the narrow recombination l ines of hydrogen, carbon and 
other heavy elements. I t i s now widely recognised that observed 
l ine emission depends sensitively upon the density, temperature 
and their gradients (Brown et al.1978), but these l ines from cool 
regions have not been interpreted in terms of gradients of 
density and temperature. We have therefore carried out l ine-
intensities calculation tailing into account the density and 
temperature structure of the cold clouds in interste l lar medium. 
Here the basic dif ference from ear l ier attempts l i e s in 
the fact that a detailed chemical balance is set up between 
formation and destruction mechanisms of a particular species to 
deduce the density (abundance) structures of electrons,important 
atomic, ionic and of molecular species in the cloud. Also a 
thermal balance between cooling and heating i s considered to deduce 
the temperature structure of the region in question. Investigations 
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on the importance of far infra-red radiations from dust grains 
of HII regions on the cooling in HI region at low temperature 
i s also reported here. 
The l ine intensit ies are calculated assuming the plane-
parallel geometry and dividing the cloud into equally thick, 
isothermal and homogeneous thin slabs. A best f i t is carried out 
taking the hydrogen density n^ ,^ emission measure (EM) of the 
associated HII regions and cloud size as independent and f ree 
parameters, instead of electron density n^ and temperature T^  
(which in turn depend upon n^ )^ as was done by ear l ier research 
workers. Further in addition to 3°K general background radiation 
the continuum radiation from HII region and also from dust grain 
are taken into consideration to calculate the intensity of 
recombination l ines. 
The following conclusions may be drawn from our calculations. 
Some of which are corroborated by experimental evidence. 
i ) The regions of ionised carbon(CII) and part ia l ly 
ionised hydrogen (H°) are well separated from the adjacent 
molecular region other than Hg- They are themselves not only 
associated with each other but have also some region in common 
(Diagram l ) . Experimentally observed small difference in radial 
ve loc i t ies of C and H (MacCleod et al 1975, Wilson et al 1975) 
favours the above argument. The H° region appears to be located 
between HII and CII regions but nearer to the outer boundary of 
131 
the HII regions. Thus i t explains the radial ve loc i ty of 
narrow hydrogen l ine which i s s l ight ly displaced towards the 
central velocity of HII region (Pankonin et al.1977). Intensity 
ratio of hydrogen to carbon can easily be explained with the 
help of ionisation of hydrogen through chlorine chemistry 
(Qaiyun and Ansari 1979) and a detailed calculation favours a 
depletion of carbon. Further observations of hydrogen recombi-
nation l ines are needed for a def inite conclusion. I t may added 
that intensity ratio of hydrogen to carbon decreases with 
increasing n^ .^ Therefore at high density of n^ the narrow 
hydrogen lines may be absent. 
i i ) The spatial extension of ionised carbon and other heavy 
elements are not identical but heavy elements are ionised to a 
greater depth having some domain common with the molecular region 
(Figures 2.Xa)and(b), Diagram 1 ) . For the same conclusion see 
Pankonin et al.(1977). Small difference in the radial velocties 
obtained from recombination l ines of any element also favours a 
close association of these regions-. Further on the basis of our 
calculation of ionisation structure (Figures 2.1(£0 and(b)) i t may be 
argued that physical conditions derived from the heavy element 
l ines w i l l be closer to that observed from the molecular l ines. 
The theoretical blend emission ^ Tj^(X) A Vj^(X) / Tj^(C) 
AVi.(C) does not give appreciably higherwalue than the observed L 
ratio of intensity of the l ines of the imknown element to that of 
1 3 2 
carbon. We conclude that the iinknowi element may be ident i f i ed 
as sulphur, the others being heavily depleted. This conclusion 
i s also consistent with the general depletion feature obtained 
for Coph and ?\SCo (Morton 197^ York 197^). 
i i i ) TheoreticaZly two regions of neutral hydrogen have been 
P1 - P ?0 P ident i f ied having column densities ^2x10 cm and^ 2x10 cm 
L. _ o 
for n^-^IO cm The former having greater column density 
i s close to the HII region and also closely associated with the 
CXI, H° and also the region of heavy elements. The l a t t e r i s 
only associated with the molecular region. Compare the obser-
vational evidence that two or more components of neutral hydrogen 
P1 - P PO - p exist, having column densities ^ 3x10"" cm and-2.9xl0'^ cm ^ 
(Radhakrishnan et al.l972) and the former region has radial 
velocity very near to those obtained from the recombination l ines 
of any element, thus corroborating a close association of these 
regions. 
i v ) The interpretation of recombination l ines favours two 
or more components contributing to the l ine emission. The 
k 
components are found to have hydrogen density in the range 2x10 
to ^xlO^ cm~^  for solar abundance and ^xlO^ to 2x10^ cm~^  for 
depleted abundance; both the abundances f i t to the observation 
within experimental error. High frequency l ines are found being 
emitted from the background component (high density) while low 
frequency l ines are emitted predominantly from the foreground 
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component of low density. Theoretically i t i s found that OH 
and HgCO molecules may be predominantly from the low density 
region while contribution to column density of CO i s equally 
from t)oth the regions. Radial ve loc i t ies patterns of the 
molecules and CII l ines favours this prediction (Pankonin et al . 
1977). Moreover, calculated coliomn density of OH is also Cy> 
k 
agreement with the observed value for n^ j ^ 10 cm 
v) As mentioned in the preceding para in the case of 
depleted abundance, a higher density of hydrogen is required to 
explain the frequency pattern of the recombination l ines of 
carbon. Therefore a s l ight ly more depletion than assumed here 
6^ 
w i l l require a value of nj.j>lO^ cm"^ to interpret the recombi-
nation l ine intensities of carbon. But for this density n^^^lO 
cm"-^  the temperature obtained in the outer region of the cloud 
wi l l be > 300 K (Qaiyum and Insari 1983a). At these or 
s l ight ly higher density and temperature the detection probability 
of the recombination l ines w i l l be very low and they may not be 
obsevable. Further for n^^ > 10^ cm"^  the beam dilution would 
also be insurmountable. Therefore in the regions, where carbon 
i s heavily depleted and even though they are associated with the 
n i l regions, the carbon l ine emission could not be detected. 
This may be one of the reasons of the absence of the carbon 
recombination l ines in the neighbourhood of many HII regions. 
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As a wealth of data i s available for other clouds, a 
detailed study w i l l be carried out on the basis of the present 
work, to interpret the l ine emission and also to deduce the 
characteristics of the regions. Then with a comprehensive study 
we may conclude f a i r l y well about the degree of depletion of 
elements and also about the most e f f i c i e n t source of ionisation 
of hydrogen described here. Further, a l ine -pro f i l e study of 
CO molecule for these regions w i l l c l a r i f y the understanding 
of the region and w i l l also lead to ideas about the velocity 
f i e l d and kinematics of the clouds. 
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